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Introduction 



Once upon a time, a lean^ctl man 
was called a scholar or, perhaps, a 
philosopher. It was understood that a 
true scliolar was learned because he 
had read all the available learned 
books written bv the learned men of 
the past and could therefore discourse 
Icarnedb'—with knowledge, and per¬ 
haps even wisdom—on all the various 
facets of the truths men felt thev had 
gleaned from nature. 

For most of man's histoid', it seemed 

a fair ambition, and not t<K) grandiose, 

to attempt to encompass all tliat men 

had learned, so that one might say. as 

Francis Hacon said in 1592, *’l have 

Liken all kno'^'lodge to be my prov- 
»> 

nice. 

At the turn of the fifteenth century 
Leomirdo da \'inci. an inordinalelv 
gifted artist, showed himself to he just 
as talented an engineer, jnst as tal¬ 
ented a scientist. He was the "nonais- 
sance Man*' par cxccllciwr; the man 
\\ ]\o was unbouiuledlv versatile in tal- 
ent and learning. 

About [wo cenltirios later. Colt- 
fried Wilhelm von L<nbniz could, in 
a single lifetime, make first-class con¬ 
tributions to philosopbv, theologv. 
mathematics, history, law, and poli¬ 
tics. 

Kven as late as earlv years of the 
nineteenth centiir\, Joliann Wolfgang 
von Coelhe conld fiiul time to Ix^ not 
onlv the greatest poet the Ceinian lan¬ 
guage ha<l ever seen, but also to n)ake 
contributions of importance to com¬ 
parative anatornv. conduct a geologi¬ 
cal survev, develoj) a fheorv of plant 
structure, and prodtice an ingenious- 
alt hough totally wrong—thear)' of the 
nature of light. In the same period, 
rliomas Young could not uulv evolve 


the wave theory of light and advance 
theories of color vision and tidal phe¬ 
nomena but could also make impor¬ 
tant contributions to the decipherment 
of Egyptian hicrogbphics. 

But through the centuries, learning 
had accumulated at such an cver-in- 
creasing pace that it became more 
and more difficult for a single mind, 
however brilliant, to embrace it all 
The gaps left in one man's Icaniing 
had. of necessity, to grow wider; the 
learning he actually attained had to 
l)e more superficial. 

Before the middle^ of the nineteenth 
century had been reached the age of 
t!ie specialist was in full flower. It be¬ 
came impossible for a scliolar to he 
known as a ’Icanutl man" in both 
science and literature; for it to be 
taken for grujilcd that a philosopher 
could read both Hegel and Ilerschel 
with equal understanding. So enor¬ 
mous had the field of seienco l)ccx)mc 
that those scholars whoso concern was 
with the knowledge of the past shrank 
awav from it. Tlie verv terms "scholar" 
and "philosoplior" were applied only 
to those who dealt with the humani¬ 
ties: with literature, art, music, and 
the newly emerging social studies—to 
John Stuart Mill, for instance. For 
those men who wislicd to learn the 
laws of tile natural universe and to 
study the phenomena that included 
the mot ions of the licavcniv bodies, 
the we%ilhcring of tlic rocks, the 
changes in living matter and il.s in¬ 
animate surroundings, a sptx'ial Icim 
IkuI to be invented- The term was 
"scientist." and Hermann von Helm¬ 
holtz was ,ui esample. 

It may surprise most persons to bo 
told that iilthough "sciencx*" is an old 


term, ^‘scientist" is not, There is no 
record of the use of ‘"scientist" before 
1840. And even at the moment the 
term was invented, it was adequate 
onlv to describe a class of individuals, 
not the individuals themselves. No 
man of the time would have been so 
presumptuous as to identify himself 
with science as a whole—only with 
some particular branch of science. 
They were physicists, chemists, geolo¬ 
gists, astronomers, biologists, 

And it has got worse since then, not 
better. Few physicists today would be 
content to describe themselves as 
"physicists." They would be much 
more likely to speak of themselves as 
"solid-state physicists" or "nuclear 
physicists" or whatever sub-subclassi¬ 
fication struck them as descriptive. A 
chemist might much prefer to call 
himself a ‘liigh-polymer chemist" 
ratlier than merely a "chemist"; a bi¬ 
ologist. a "molecular biologist" rather 
than merelv a "biologist" or even a 
‘'biochemist." 

Indeed, when the United States 
government seeks to classify the na¬ 
tion s men of science so that in emer¬ 
gencies it will know to whom to turn 
for assistance in meeting them, liler- 
allv hundreds of finelv separated sliv¬ 
ers of specialization arc offered for 
choice. Such a monumental degree of 
specialization results, in part, from the 
number of scientists now at work; it 
has become a cliclie to say that 90 i>er 
cent of all the scientists who ever 
lived are alive at this moment. And 
the result? In each particular sliver 
of science, so many are working and 
so much is produced that the mind 
and thouglit of each specialist is filled 
to bursting witli the produce of his 


specialty, almost inevitably to the 
near-exclusion of all else. 

In other words, a chemist who 
works with elastomers finds it all he 
can do to keep up with advances in 
the chemistry and technology of elas¬ 
tomers. Not only does he lack lime to 
explore science generally (let alone 
the humanities) but he may, perforce, 
be unaware of what is being done in 
fields closely allied to his own—in 

r 

petroleum technology, in ceramics, or 
even in the nonelastomeric portions 
of the field of polymer chemistrs'. 

Science is, in one way, a microcosm 
of our expanding universe, with each 
segment of scientific knowledge re¬ 
treating steadily from every other 
segment. The chances of cross-fertili¬ 
zation become ever less as the intel¬ 
lectual distance between the segments 
increases, Esthetically, this is a sad 
thing—and it is a dovmright danger 
to the growth of science, too. 

We know from experience that the 
most startling advances have their 
origin at the borderlines of the spe¬ 
cialties, where the techniques devel¬ 
oped in one field arc applied, with 
fertile effect, to the subject matter of 
another. The Wilson cloud chamber, 
which sent nuclear physics racing 
fonvard. was the result of a thought 
that arose as Charles Wilson studied 
a meteorological observation. The 
metal-shadowing technique that made 
electron microscopy one of the most 
u.seful techniques of science was a by¬ 
product of the .study of the moon's 
surface. 

If cross-fertilization dwindles, the 
rate of scientific advance will almost 
surely dwindle as well, and so any¬ 
thing that encourages cross-fertiliza¬ 
tion is all to the good. In this respect. 
Scientific American magazine is 
uni<juc. It is a forum where members 
of the scientific family can address not 
only their brothers, not only their 
distant cousins, but even the members 
of altogether different families. The 
SCIENTII'IC AMEniCA.N JIESOUBCE LI¬ 


BRARY will enable these scientists to 
speak to an even wider audience. 

Are there rarefied regions of nuclear 
physics? George Gamow can talk of 
uncertainly and of gravitation in a 
way that is understandable to those 
who are not nuclear physicists. Is 
cosmology a new abstract art-form on 
a universal scale? Martin Gardner can 
describe a universe in which lime goes 
backward and Fred Hoyle can de- 
scribe one which never changes, thus 
giving noncosmologists at least a 
glimpse of the cosmic glories of their 
starry visions. 

Among the other articles in Read¬ 
ings in the Physical Sciences are many 
equally fascinating. Eugene M. 
Lifshitz describes the utterly strange 
events that occur in the neighborhood 
of absolute zero and Jesse L. Green- 
stein tells of the equally strange events 
that take place on and within a dvin" 
star. Stewart E. Miller writes about 
the fantastic and yet obviously practi¬ 
cal use of lasers in long distance com¬ 
munication, Edwin II. Land about 
something as subtle as color vision and 
its relation to photography, and Mar¬ 
vin L. Minsky takes us off into the 
science-fictional (are wc sure?) world 
of artificial intelligence. 

We can travel from the artistry of 
moire patterns to the other-artistry of 
the water molecule, from the near- 
nothingness of neutrinos to the mas¬ 
sive mystery of the quasi-stellar ob¬ 
jects (quasars, for short), from the 
pion to the Pleiades, from the collaps¬ 
ing star to the expanding universe, 
from titanium to computers— 

And it is all for the layman. 

But who is this layman? A diction¬ 
ary will tell us that he is any man not 
accomplished in a given art or pro¬ 
fession. as distinguished from those 
who arc; the physicist is a layman to 
the physician, the chemist to the cler¬ 
gyman, seismologist to tlic states¬ 
men—and vice versa and ad infinitum. 

Yet why should not a lawyer, an 
accountant, a shoe salesman, read 


about the muon and the Mdssbauer 
effect? It is the interest, sympathy, 
and tax-money of the millions who are 
laymen (to scientists of whatever 
persuasion) that support scientific re¬ 
search in these days of vast govern¬ 
ment grants. It is the lives of these 
laymen that is bettered by science— 
and endangered by science, too. And 
then there are the countless young 
students who are still searching for 
the road that they will travel. The 
articles in these volumes can be for 
them signposts pointing down many 
different roads. Those who are already 
interested in science will read them 
avidly. Those who think thev are not 
should also read them—not onlv to 
discover where their fellow students 
are going and why they are going 
there, but because an article on dying 
stars, on color vision, on the growth 
of crystals, on analgesic drugs, or on 
game-theory, may change their minds 
and send them down the road to a 
scientific career. 

Although some of the articles in 
Reddings in the Physical Sciences are 
two decades old and the information 
they contain is already dated, that 
does not mean that the articles them¬ 
selves have lost their usefulness. What 
they contain is not wrong, it has just 
been superseded—and this, in itself, 
gives a picture of the jet-propelled 
advanc-c that produces a new under¬ 
standing, then leaves it behind almost 
in a breath. 

Viewing such a picture does more 
than satisfy curiosity. It teaclies what 
is perhaps the most inspiring of all 
truths about science—that it never 
reveals, luit is always in the process 
of revealing; that it never ia, hut is 
always and endlessly /jccoinirig, and 
that it is thus the greatest adventure 
the human mind has ever known. 

Isaac Asimov 
Newton, Massachusetts 
Septemher, 1969 
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WHAT HOLDS THE NUCLEUS TOGETHER? 


by Hans A. Bethe 


Electrical forces bind the electron to the atom, but they cause 
nuclear particles to fly apart. The powerful cohesion of protons 
and neutrons must be explained by a wholly different phenomenon. 


W hnt holds the nucleus of the 
atom together? In the past quar¬ 
ter century physicists have de¬ 
voted a huge amount of experimentation 
and mental labor to tliis problcm-prob- 
ably more man-hours tlian have been 
given to any other scientific question in 
the history of mankind. The problem is 
not only fundamental but alien to our 
experience. By all the laws of knowr 
forces, the particles in an atom’s nucleui 
should flee from one another, instead of 
clinging together so strongly that we 
must build enormously energetic ma¬ 
chines to pry them apart. Tlic glue that 
holds the nucleus together must be a kind 
of force utterly different from any wc 
yet know 

Let us first look briefly at the general 
features of the atom, which is much too 
small to be seen under the most power¬ 
ful microscope but about xvhich wc 
nonetheless have a great deal of infonnu- 
lion. It is constructed of a heavy, posi¬ 
tively charged nucleus sxirroundcd by 
a "planetar)' system" of light, negatively 
charged electrons. The forces that gov¬ 
ern the behavior of the electrons are 


thoroughly familiar: they arc the forces 
of electric attraction and repulsion. To 
describe the motions of the electrons 
physicists had to invent a new mechanics 
known as (juantum mechanics. Once this 
was worked out, it became possible to 
understand all the properties of atoms 
as a whole-lheir sizes* their chemical 
behavior, the light they emit, and so 
on—in terms of the motions of the elec¬ 
trons around the nucleus. 

The nucleus itself is a very diScrent 
problem. Its building blocks are the posi¬ 
tively charged particles called protons 
and the elcc*trically neutral particles 
known as jieutrons. The nucleus, con¬ 
taining about 99.95 |H;r cent of the total 
mass of the atom, is far more densely 
packed than the electrons in the atom’s 
outer regions; if you were to imagine tlie 
atom as a whoh* to be as big as a house* 
the nucleus would be the size of a pin¬ 
head. Now detailed investigations of the 
nucleus early turned up a remarkable 
fact: whereas the density of the fluffy 
outer structure of atoms varies greatly 
from one kind of atom to another, all 
nuclei have a unifonn density (about 


100 trillion times that of water). Thus 
the total volume of an atom* insofar as 
its volume can be defined at all, is not 
necessarily proportional to its weight, a 
circumstance which makes some sub¬ 
stances denser than others. But the vol¬ 
ume of a nucleus is very nearly propor¬ 
tional to its weight* just as a piece of 
iron 10 times as heavy as anotlier is also 
10 times as large in volume. 

This resemblance of nuclei to the mat¬ 
ter of evciyday experience suggested 
that the forces holding the nucleus to¬ 
gether might be something like those 
that bind atoms together. We know that 
gross matter is held together by forces 
between neighboring atoms* and that 
there are no important interactions be¬ 
tween atoms distant from one another. 
It is therefore assumed that the forces 
in the nucleus likemse act mainly be¬ 
tween neighboring particles* rather than 
from one end of the nuclei to the other. 

But what can these forces be? Clearly 
electric fortx^s are out of the i^uestion. 
In the first placi\ the electric force be¬ 
tween two protons is repulsive, not at¬ 
tract iv**. And even if the sign wore 



Niirlear cauitd by the cyclotron at the Nevis Laboratory o/ Columbia University are revealed by thin tchite tracks 
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changed So that they attracted one an* 
other, the electric force of attraction 

would be too small bv a factor of 40 to 

✓ 

account for the binding energj' with 
which protons are held together in the 
nucleus. Besides all this, what about the 
uncharged neutrons, which cannot exert 
any electric force, attractive or other¬ 
wise-how could the nucleus hold them? 

As for gravitation, the other important 
force with which we are acquainted, 
that is completely hopeless. The gravita¬ 
tional force behveen rivo particles in a 
nucleus is too small to explain their at¬ 
traction by a factor of 1(H’I 

V^e are confronted with a problem 
* ’ winch is just the opposite of the one 
physicists had when they began to study 
the atom i\s a whole. They were com¬ 
pletely familiar with the forces (electric) 
at play, but had to discover the laws 
(<|uantum mechanics) that governed the 
operation of these forces. In the exse of 
the nucleus, we are fairly confident about 
the governing laws (again (piantum me¬ 
chanics), but must discover the force. 

One might picture the situation in this 
way. You are walking in the [lark and 
come upon a group of men playing base¬ 
ball. After watching for a few minutes 
you decide that it is a match between 
lun.itics. The batters seem to run to any 
base* that pleases them; the fielders throw 
the ball at random; the object of the 
game is utterly obscure, and the score, 
impossible to compute. But by long, in¬ 
tense observation you finally figure out 
the strange rules of the game. That is 
where atomic physics had arrived 20 
years ago. We have now moved along to 
another place in the park and discovered 
a sec'ond game more insane than the first. 
The rules seem to be the same, but the 
players are playing without a ball! Some- 
thing-we do not know just what-is 
passing back and forth among the play¬ 
ers, and to understand the game we must 
find out what that something is. The in¬ 
visible ball shuttling among the players 


corresponds t<i the force between par¬ 
ticles in the nucleus. 

Our problem is twofold: (1) to meas¬ 
ure the force and determine its other 
properties, and (2) to probe into the 
**cause’* of the nuclear force, as it were, 
by studying its connections with other 
physical phenomena. 

We can get an approximate measure¬ 
ment of the strength of the nuclear forces 
by determining the binding energy with 
which the nucleus is held together. This 
Cim be done in two ways: by me:isuring 
the energy set free or consumed in vari¬ 
ous nuclear reactions, or by using Ein¬ 
stein s relation E = Mc^, which says that 
the binding energy is equal to the mass 
defect in the nucleus times the s(|uare of 
the velocity of light. The ‘‘mass defect/' 
of c'oursc, refers to the fact that the mass 
of the nucleus is slightly smaller than the 
Slim of the masses of the particles com¬ 
bined in it; the difference is the “defect.” 

Bv these rivo methods it has been dc- 
termined that the binding energy hold¬ 
ing each particle in a heavy nucleus is 
between six and eight million electron 
volts (roughly a million times the energy 
that holds atoms together in a molecule). 
But this is still far from telling us much 
about the force between two individual 
particics-to say nothing of the complex 
set of interacting forces operating among 
the \\’hole group of particles. We can try 
to use the measured energies with which 
particles arc bound to the nucleus as a 
basis for calculating the nuclear force. If 
we tried this with any complex nucleus, 
however, we would be in very deep 
water; the mathematical pioblem of 
computing from the binding energy the 
forces among the 16 particles of the oxy¬ 
gen nucleus, for instance, is so formi¬ 
dable that no one would dream of at¬ 
tempting it. We are forced to c'oncen- 
(rate, as the atomic physicists did in 
studying the atom, on the simplest pos¬ 
sible system. The atomic physicists ob¬ 
tained most of their information about 
atoms from the two-particle hydrogen 


atom—one proton and one electron. As a 
subject for investigating nuclear forces, 
the simplest nucleus we can find is the 
deuteron (the nucleus of heavy hydro¬ 
gen), which consists of one proton and 
one neutron. 

Unfortunately the deuteron is far less 
helpful than the hydrogen atom was. 
The hydrogen atom's various energy 
states, normal and excited, all provide 
means of testing the laws governing the 
forces between its proton and electron. 
But the deuteron has no excited state. 
The only measurement it can give us is 
the binding energy in its fixed ground 
state, and this alone is not sufficient to 
determine with precision the force be- 
hveen its rivo particles and-what the nu¬ 
clear physicist particularly wants to 
know-how that force varies with di.s- 
tantf. We have therefore had to study 
the matter indirectly bv investigating tlie 
interaction beriveen free protons and 
free neutrons. A beam of neutrons is di¬ 
rected at a piece of matter containing hy¬ 
drogen. Neutrons colliding with the pro¬ 
tons in the hydrogen arc scattered in 
various directions. By observing how 
many neutrons are scattered in each di¬ 
rection. and by using neutron bcam.s of 
var)'ing speeds, we are able to deduce 
the force between the proton and the 
neutron. 

^he most conspicuous feature of lui- 

clear forces turns out to bo their short 
range. At a distance of about C'onti- 
metcr (which is a Iniiidred-thousandth 
of the r.idius of an atom) the nuclear 
lorcx? of attraction between two protons 
Is about 40 times as strong as the electric 
force of repulsion between then). M four 
times that distance the nuclear forex? has 
dropped off to the same strength as tlie 
electric force; at 25 times the distance 
the electric forex* is a million times 
stronger. On the other hand, there is 
some evidence that at extrerneb short 
distances (perhaps less than half of lO'*^ 
cm.) the nuclear force changes from a 



diOuthn cloud chamber. A Jj^milUmctcr camera itulomatically fthotographn the chamber once every 10 seconds 
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of light are cmilted by one electric par¬ 
ticle and absorbed by another. In the 
process, the light quanta transmit energy 
and momentum from the first to the 
second particle; in other words, they 
transmit an electric force, though they 
themselves have no electric charge. 

It was natural to assume that nuclear 
forces behave like electromagnetic ones, 
and this suggestion was made by the 
Japanese physicist Hideki Yukawa as 
early as 1935. In Yukawa s theory, in the 
nucleus the role of the light quantum is 
taken by a new particle, whose emission 
and absorption is supposed to transmit 
the nuclear forces. This particle, when 
Yukawa invented it, was of course purely 
hypothetical. Todav it is known os the 
meson. 

Yukawa next tried to figure out what 
properties his hypothetical particle 
should have. First of all, he noted that 
the short range of nuclear forces would 
be explained if the mesons were sup¬ 
posed to have a mass—in contrast to light 
(juanta which have none. In fact, he 
worked out the range of the nuclear 


.strong attractive force to an even strong¬ 
er force of repulsion. 

The nuclear forces are far more com¬ 
plicated than electric or any other known 
forces. The force bet^vccn two nuclear 
particles apparently depends not only on 
the distance but also on the particles 
relative velocity and on the relative ori¬ 
entation of their spins. Moreover, there 
are forces which act among three, four or 
more particles simultaneously. Again, 
there is the remarkable fact tlint the force 
between particles is independent of the 
particles* charge. Proton and proton, 
noutron and neutron, proton and neu¬ 
tron—all have about the same attractive 
force toward each other. This finding is 
especially hard to explain because it is so 
contrary' to the behavior of charged par¬ 
ticles in common expc'ricnce. 

Another remarkable feature of the nu¬ 
clear force is the kind of exchange that 
occurs between one particle and another. 
In tlie gross material world, aiul in the 
world of atoms, when two bodies of 
equal weight collide usually the faster 
moving body retains the greater speed 
or the two bodies share their energy 
about c(jually. But in the world of pro¬ 
tons and neutrons something quite dif¬ 
ferent commonly happens. When a very 
fast neutron hits a proton, very often tlie 
proton jumps forward with almost as 
much speed as the neutron liad, while 
tlie lUMitron is stopped almost to a stand¬ 
still The simplest way to explain this is 
that the iKUtron snalclies tlie positive 


charge from Uie proton and keeps on 
going, without transferring much of its 
momentum to the proton. In other 
words, the proton that suddenly jumps 
forward is really the original neutron 
transformed into a proton. 

H aving explored the properties of nu¬ 
clear forces, we may now try to "'ex¬ 
plain** them. At this point it is appro¬ 
priate to point out that for a physicist 
the word 'explanation** has a rather dif¬ 
ferent meaning from that in everyday 
usage. People generally explain some¬ 
thing in terms of concepts more familiar 
than what they are explaining. But 
physicists very often "explain** a rather 
familiar phenomenon in terms of far less 
familiar concepts. For them an explana¬ 
tion consists in connecting different 
physical phenomena, building a logical 
structure and deriving the simplest pos¬ 
sible mathematical formula to describe 
all the connected phenomena. 

It must be clear from what has already 
been said that the nuclear forces cannot 
be explained in terms of forces with 
which physicists were familiar before 
1930. Analogies with thosi forces can, 
however, be a starting point for a thi;ory 
of the new force. 

The force about which we know the 
most is electromagnetic forc<». We know 
that tl»e interaction between electrically 
charged bodies moves with the speed of 
light. Further, this interaction can be de¬ 
scribed essentially by saving that <pianta 


forces mathematically in terms of 
Planck's constant, the velocity of light 
and the mass of the meson. He estimated 
that the meson mass should be between 
100 and 200 times the mass of the elec¬ 
tron. (Today wc know that 300 is a bet¬ 
ter figure.) 

Secondly, Yukawa suggested that to 
explain exchange forces the mesons must 
be charged. When a proton and a neu¬ 
tron interact, he postulated, the proton 
may emit a positive meson which is ab¬ 
sorbed by the neutron. In this process the 



TWO MEi^ON "EVENTS," winch are dia¬ 
grammed above, can be seen In o cloud 
clumber pUologranh from ihc Nevis Cycle- 



Bethe WHAT HOLDS TH£ NUCLEUS TOGETHER'^ 


Iron Laboratory of C'olumbia I'nivifriiiy. A pi intion en 

Ifring at bolt 
|X»»Jtive nnd i 


i<*ring ul riglii 


< enl^r dc‘ia)> into o 
into a ]ii$h ^perd «*lrclrurf < gerund 
top lo boltom of the iiiclore i*. n 


rons 


negalive 






HYDROOIN 

/’cniNOfR 


PROTON ORBIT 


SCINTIlUtlON 

COUNT6RS 




—•••'/•f.'‘* -— 


TARGET 


MESON BEAM 


CONCRETE SHIELDING 


CYCLOTRON MAGNET 


MEXtN "i NT IUHNL; r\|Mriiiii tn -liown in ouiliiu-. Arcricr- 
..irc! ir'-W nr,lei liil nxtal l.irpei lo form nie-on- irrd 

liiipi «lii.Ti .ire d»T1i<lf.l !■> m.ipnrl tliri>ti{:li u I'ort in iron lilork 


<rr«nv/«otr/if'i/t. Si'ioiul moRin-l to riplit of |)orl Mi'iTs llicm lo l»>'- 
(Iroprii "liirll M-Jllom ihom. ^;o^lllll■r^ j>l;uc«l olioiid of nun* 

|.lr .mil Inliiiid it injure lli.il on1> ^f.■<lt^r«•d moon- ore do 1 .-*ti-d. 


CVl [OTRON at Ncvi» Laboratory operates at 38S million elec¬ 
tron volts and can produce mesons. In ibis picture the six- ool- 
Ibick concrete shielding blocks have been removed lo the ptic at 


right, exposing the circular magnetic pole pieces <oe/uer). Be- 
ineen the magnets can be seen the vacuum ebamber, which connects 
xvilh the iiumpinp system through the system of pipes lo the right. 
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ptxjtoti loses its [>ositive charge ami he- 
cx)me.s u neutron^ while the neutron gains 
a unit of |y)sitivc charge and turns into a 
pn)ton. The same result is obtained, of 
course, if the neutron emits a negative 
mesott which is absorl>ed by the proton. 
Yukawa suggested the existenc'e of both 
pt)sitive and negative mesons, in C'on- 
formity with a general principle of 
physic's: tliat for every positively charged 
particle there is a negatively charged 
CKiunterpart. The best known examples 
are the negative and positive electrons. 

Three years after Yukawa proposed 
the meson, physicists found in c'osniic 
radiation a particle which seemed to 
have just the properties he had pre¬ 
dicted. It had a mass about 2U() times 
that of the electron and was found in 
both iK>sitive and negative forms. But 
this particle turned out to be the wrong 
answer—it did not interact strongly with 
nucleons and therefore cx)iild not trans¬ 
mit nuclear forces. At lengl^ in 1947 
C. F. Powell. C. P. S. Oc'chialini and 
C. M. C. Lattes—an Englishman, an Ital¬ 
ian and u B^a^ilian working together- 
discovered another particle which dul 
interact strongly with nucleons and had 
a mass of 276 electron masses. There is 
every indication that this is Yukawa s 
meson. It is known as the pi meson, or 
*'|)ion.’* {If kept away from nucleons it 
will decay after a moderately short time 
into one of the earlier discovered mesons, 
now called mu mesgns.) Sinc'e the dis¬ 
covery of the pion, heavier mesons have 
been found, but probably they are less 
importmt for nuclear forces. 

^^he next step in the theory was taken 
by the English physicist N. Kemmer. 
He reasoned that there should be a neu¬ 
tral meson, in order to explain the inter¬ 
action between proton and proton (or 
neutron and neutron). A proton cannot 
absorb a positive meson, for it cannot 
acquire a second positive charge. There¬ 
fore no single charged meson could trans¬ 
mit a force between protons (though 
the simultaneous exchange of two mes¬ 
ons of opposite charge might, it is true, 
do so). Kemmer consequently suggested 
that a neutral meson might carry the 
furcx*s bct\veen proton and proton, or, 
for that matter, between unlike nu¬ 
cleons. His theory acx'ounted for the nu¬ 
clear forces* independence of charge. 

S<K)n after the pions were discovered 
in cosmic radiation, it became possible 
to pnKluce them artificially with large 
new cyclotrons. Physicists now could ob- 
t«iiii me.sons in large <{uantities and ex¬ 
plore their projKTties and intenctions 
with nucleons. They soon confirmed the 


existence of Kemmer's neutral mesons. 
As for the interaction ui mesons .uid nu¬ 
cleons. cXiict calculations will prol>.ihK 
remain very difficult for a long time—in¬ 
comparably more difficult than the cal¬ 
culation of electric and atomic phe¬ 
nomena. The main reason is that the in¬ 
teraction between a meson and a proton 
or neutron is exceedingly strong-about 
1,000 times stronger than that between 
an electron and the electric fieUl. The 
mathematical methods of <]uantum theo¬ 
ry are all adapted to the weak interac¬ 
tions of electrodvnamk'S. 

Once the interaction between mesons 
and nucleons has been worked out. one 
can then trv* to derive that behswn two 
nucleons. As we have seen, the mass and 
charge of mesons are sufficient in them¬ 
selves to explain the nuclear forces’ short 
range, their exchange property' and their 
independence of charge. Other aspects 
of meson theory' can account for the de¬ 
pendence of nuclear forces on the direc¬ 
tion of the spins of the nucleons and of 
the line joining their positions, for the 
strong repulsion between nticleom at ex¬ 
tremely small distances and for the* 
simultaneous interaction between more 
than two nucleons. 

I n short, the meson theory' already ac¬ 
counts for all the ({ualitative features 
of nuclear forces. It looks as if we have 


Imind the ball with which the nuclear 
game is play tnl. But ue c annul Ih* suie 
until we have figured out sshether our 
theory can expl.un tlie behavior the 
particip.inls in (juantitatne terms that 
IS, whether the range of forevs. the 
strength of interactions aiui other quan¬ 
tities denve<l from the tht^orx bv calcula¬ 
tion are of the right magnitude. 

A promising start h.is Ihh'ii made bv 
tlie French phs sicist Maunu* Ia'v\ . 
working at the Institute for .\<lvaiKvd 
Studv in PriiKvton. He has shown that 
calculations based on the otiserved ma.ss 
of the meson do indevd vield the cx»iietl 
figure for the range of the nuclear lon.^ 
His work. Ill cximbination sv ith the theo 
retical work of others, also shows Ui.it tin* 
strength of interaction Ivtsscvn nucK'oii 
and meson fe<|uirc*d to explain mielear 
forces is about the same as th.it leijum'il 
to e.splain the scattering of mesons b\ 
protons. About the same—actualls. the 
two numbers differ b\ approMmatels 59 
[XT ci*nt. but probabls this iliHerencv is 
simply a measure of our mathematu'al 
ineptness in dealing witli large foicw. 
Thus the indications are that phssicists 
are on the right track m cxjilaiiung nu¬ 
clear force's bv transfer of mesons. But it 
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will l>e a long time before our matbe- 
rnatical tools are develo|xs.i suffis ieiilly 
to determine whetlier Uie meson tluMrv 
reoUij e.xplaiiiv the forces m .ill details. 
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ANTI-MATTER 


by Geoffrey Burbidge and Fred Hoyle 


The discovery of the anti-proton and the anti-neutron 
raises the following question: Do anti-atoms made of 
these and other anti-particles exist in the universe? 


E ver since the discovery of the posi* 
tron—the opposite number of the 
electron—physicists have specu^ 
lated about the possible existence of 
anthmatter. If an anti-electron could 
exist, why not an anti-proton and an 
anti-neutron? Within the last three years 
the Bevatron, the great accelerator at 
the University of California, has indeed 
produced anti-protons and anti-neutrons 
(see ‘The Antiproton/* by Emilio Segre 
and Clyde E. Wiegand; Sciektipic 
Ameiucan Offprint 244]. Since elec¬ 
trons, protons and neutrons are the basic 
building stones of atoms, we have strong 
grounds for asking: If anti-particles, why 
not anti-atoms—that is to say, anti-matter 
which is the symmetrical opposite of the 
matter we know? 

There can be no anti-matter on the 
earth, because particles and anti-parti¬ 
cles annihilate each other the instant 
they meet. If there is anti-matter in 
space, we cannot recbgnize it with our 
telescopes, for anti-matter should look 
exactly like ordinary matter. But the 
problem of looking for evidence of anti¬ 
matter in the universe is not entirely 
hopeless. We shall consider here some 
possible indirect evidence on the sub¬ 
ject. Such inquiries are not altogether 


academic, for, although the question of 
the existence of anti-matter has no prac¬ 
tical importance to us on the earth, it 
does raise fundamentally important 
questions in modem physics and cos- 
mology. 

/^ur starting point is the known fact, 
established by laboratory experi¬ 
ments, that when a particle and an anti¬ 
particle collide they destroy each other, 
converting the entire m;i5s of both par¬ 
ticles into energy. The energy released 
by such an annihilation amounts to two 
times mc^, in accordance with Einstein s 
famous equation for the conversion of 
mass into energy. The mutual annihi¬ 
lation of a proton and an anti-proton 
meeting at low velocity, for example, 
releases about 1.8 billion electron volts 
of energy. This energy emerges first in 
the form of mesons, but the mesons 
speedily decay and the ultimate carriers 
of the energy arc gamma rays, neutrinos 
and very high-speed electrons and posi¬ 
trons [see diagram on page 11]. 

If we could find evidence of such anni¬ 
hilations going on somewhere in the uni¬ 
verse, we might have a proof of the 
existence of anti-matter. Let us examine 
our own galaxy, the Milky Way, and 


start with the gas in its interstellar space. 
Assume that this thinly dispersed gas, 
made up mainly of hydrogen at an aver¬ 
age density of only one atom per cubic 
centimeter, contains some anti-protons. 
Would the annihilating collisions be¬ 
tween these anti-protons and protons 
produce any observable effects on the 
interstellar gas? 

About 90 per cent of the energy gen¬ 
erated in an annihilation is carried bv 

✓ 

gamma rays and neutrinos. Almost all of 
this energy would escape from our gal¬ 
axy into outer space, for the chances of 
gamma rays or neutrinos being inter¬ 
cepted and absorbed by the atoms in 
the thin gas are exceedingly small. The 
situation is otherwise, however, for the 
electrons and positrons that carr)' the 
remaining 10 per cent of the cnergv from 
annihilations. These charged particles 
would be trapped inside our galaxy bv 
its magnetic field: there is considerable 
evidence that our galaxy does possess a 
weak magnetic field. 

Now the high-energy electrons and 
positrons would gradually give up their 
energy to the gas «is a whole—mainlv bv 
exciting and ionizing the atoms and by 
electron-positron annihilations. This in¬ 
jection of energ)' would have the effect 
of heating the gas and generating tur¬ 
bulent motions. We know that there arc 
other processes which heat and stir up 
the interstellar gas in our gakixv. But 
suppose we assume, for the sake of put¬ 
ting an outside limit on the total possi¬ 
ble amount of anti-matter in our galaxv. 
that all the energy of the gas is gener¬ 
ated by annihilation of anti-matter. We 
know from various observations what the 
total energy of the gas in the galaxy is- 
it amounts to about one 100-billionth of 
an erg per cubic centimeter. On this 
basis we can calculate that the ratio of 
anti-matter to ordinary matter in our 



ANTI-HYDROGEN ATOM would have an anii-prolon {black circle) and poiitron 

(colored dot ). Hydrogen atom (Uft) hai n proton (colored circle) and electron (black dot). 
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interstellar gas cannot possibly be more 
than one part in 10 million, spread thinly 
through the galaxy. From this small pro¬ 
portion we must deduce, incidentally, 
that even if anti-matter can somehow 
segregate itself from ordinary matter to 
form stars, it is extremely unlikely that 
there are any stars of anti-matter in our 
galaxy. 

'^he establishment of a maximum fig- 
^ ure for the amount of anti-matter 
does not prove that it is present, but it 
enables us to go on to an interesting 
speculation. This has to do with the re¬ 
cently discovered radio waves in space, 
stemming from so-called radio "'stars” 
and from our galaxy as a whole. We 
know that electrons and positrons ac¬ 
celerated by a magnetic field emit a type 
of radiation called synchrotron radia¬ 
tion. This radiation can take the form of 
radio waves. The (question then arises: 
Is annihilation of anti-matter responsi¬ 
ble for some of the mysterious radio 
broadcasts we are receiving from space? 

A particularly good subject for exam¬ 
ining this <{uest]on is the famous Crab 
Nebula, one of the strongest radio emit¬ 
ters ill our galaxy. There is persuasive 
evidence that the radio emission and 
most of the light from this remnant of a 
supernova arc synchrotron radiation [sec 
‘The Crab Nebula,” by Jan H. Oort; 
SccESTiFic Amebicas, March. 1957). 
The Nebula appears to have a compara¬ 
tively strong magnetic field and particles 
traveling at extremely high speeds. It is 
therefore conceivable that the radio 
emission of the Cmb Nebula arises from 




ELECTRON-POSITRON annihilalion occurs when panicle and anli-parlicle collide. If the 
anaihilalion occurs in the field of an atom, ihe mass of ihe panicles ma> be convened into 
only one pholon (mtvy' fine). If it occurs in free space, two photons will be emitted. 



(P) recoil! Irooi ■ coUiiioo wllb a pi meioD. PROTON-AMI-PROTON annihilation convert, the particles to ]>■ nic.on. 1771. « hid. dc- 
The experiment wai performed by groqp! cay a« indicated at bottom. In this purely .chemaiic diafiram the Greek letter v reprc-eni- 
under W. M. Powell ond Emilio Segri. a neutrino; the Mme letter with a line over it. an anti-neutrino; the letter fi. a n.u me, on. 
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electrons and positrons which have been 
created bv annihilation of anti-matter. 
Calculating how much radio energy 
would be generated if one part in 10 
million of the interstellar gas were anti¬ 
matter. we arrive at a figure which is 
close to the actual radio output of the 
Nebula (about ergs per second). 
The synchrotron radiation at visible 
wavelengths may arise from accelera¬ 
tion of some of the electrons and posi¬ 
trons to ver)' high speeds by fast-moving 
gas clouds in the Nebula. 

This is still no proof of the existence 
of anti-matter, because the original ex¬ 
plosion of the supernova might account 
tor its high-energy electrons and posi¬ 
trons. All that can be said is that the 
items of evidence we have considered 
are consistent with the possible presence 
of some anti-matter in our gala.xy. 

''c come now to the wider scene. Arc 
there, outside our own galactic sys¬ 
tem, galaxies entirely composed of anti¬ 
matter? If there are. we might possibly 
detect their existence if we saw an or¬ 
dinary galaxy and an anti-galaxy in colli¬ 
sion; this should be a really violent 
event. Here again we have one or txvo 
interesting cases for study. 

Some a.stronomers believe that the 
extraordinary object called Cygnus A is 
a pair of galaxies in collision (see '‘Col¬ 
liding Galaxies/’ by Rudolph Minkow¬ 
ski; Scientific American. September. 
1956). We arc getting exceptionally 
strong radio signals from this object, 
even though it is very far away-at least 
270 million light-years. The two collid¬ 
ing galaxies might be systems of matter 
and anti-matter, but suppose we make 
the less radical assumption that both 
consist predominantly of ordinary matter 
and each contains one part in 10 mil¬ 
lion of anti-matter. Assuming further 
that the magnetic fields of the two gal¬ 
axies have combined to accelerate elec¬ 
trons and positrons, we can calculate that 
the annihilation of anti-matter in the 
colliding galaxies would generate a total 
of ab<nit 10^^ ergs per second of radio 
energy. According to the measurements 
of radio astronomers, Cygnus A is actu¬ 
ally emitting radio energy at precisely 
this rate! 

The case of the galaxy known as Mes¬ 
sier 87. another strong radio emitter, is 
even more interesting—indeed, it was 
M 87 that first aroused the speculation 
that a galaxy might a)ntain anti-matter. 
M 87 looks like an unusuallv bright but 
fiorrnallv shaped galaxv. there is no evi¬ 
dence that It represents a pair of galaxies 
in collision. However, it is emitting very 


powerful synchrotron radiation at radio 
wavelengths and has a bright jet or 
streak emitting such radiation at wave¬ 
lengths of visible light (see photograph 
at bottom of page 14]. Astrophysicists 
have been at a loss to account tor its ex¬ 
tremely strong radiation, and it is templ¬ 
ing to suppose that the energy is coming 
from the galaxy's capture of a gob of 
anti-matter from an anti-galaxy. 

Y et notwithstanding the evidence 
tending to uphold the idea of the ex¬ 
istence of anti-matter on the cosmic 
scale, most physicists, including the au¬ 
thors of this article, do not look too favor¬ 
ably on the hypothesis. Let us consider 
some of the difficulties. 

In all present theories of the history 
of the univene—evolutionary or steady- 
state—symmetry arguments demand that 
if anti-matter exists both matter and 
anti-matter must be created in equal 
amounts. The evolutionary theory would 
require that the original nucleus from 
which the universe expanded must have 
contained both kinds of matter in equal 
parts; the steady-state hypothesis of the 
continuous creation of matter would im¬ 
ply that matter comes into being as pairs 
of particles and anti-particles. In either 
case, atoms and anti-atoms must some¬ 
how be separated selectively if they are 
to condense into stars and galaxies— 
otherwise they would destroy each other. 
It appears that the only way they could 
be so separated is by a gravitational 
force of repulsion between atoms and 
anti-atoms-^in short, by anti-gravity, as 
opposed to the gravitational attraction 
that operates between atom and atom of 
ordinary matter. 

It is upon this rock that the anti-matter 
ideas have foundered. For the idea of 
anti-gravity cannot be accepted without 
destroying basic principles of the general 
theory of relativity. The successes of the 
relativity theory' arc so great that most 
scientists are not prepared at the present 
time to consider with eejuanimity the 
very considerable upheaval that would 
come about if it had to be abandoned or 
drastically modified. 

Experiments designed to look for the 
existence of anti-gravity are possible in 
principle and may be worth doing. One 
obvious test would be to generate a 
beam of anti-protons in an accelerator 
and project it over a path parallel to the 
earth to sec whether it would rise or 
fall; if the beam rose, it would indicate 
that anti-gravity was operating. 

Maurice Coldhaber of the Brookhaven 
National Laboratory' has speculated on 
the passible existence of two separate 



RADIATION from electron in carved path 
transfere energy to the iurroanding gas. 



ENERGY TRANSFER also uke$ pUce by 
means of radiaiion emitted when an elec¬ 
tron ptMei through the field of an atom. 



EXCITATION of atomic electron to higher 
energy level it a third way to take energy 
from free electrons. When the excited elec¬ 
tron drops back to orbit, it radiates energy. 
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worlds—one composed of matter and 
the other of anti-matter, inspired by 
the primeval atom of Abbe Georges 
Lemaitre, he suggests that the universe 
originated from n single ’‘particle** called 
the “universon.** This divided imme¬ 
diately into a pair of ‘‘particles*—the 
“cosmon” and the ‘anti-wsmon/’ Thev 
flew apart with great kinetic energy (by 


some unspecified process) and eventu¬ 
ally decayed, one giving rise to the cos¬ 
mos sve know, the other to an anti-cxis- 
mos beyond reach of oiir obsersation 
Coldhaber goes on to speculate on 
whether some anti-matter from the anti¬ 
cosmos may have been injected into 
our cosmos, possibK this would he 
the source of the radio energs being 


emitted bv some of our galaxies and 
gas clouds 

Some t‘osmok)gists have liectime more 
recvptive to the idea of two separate uni¬ 
verses since the r<*ct*nt overtlirow of the 
pants pnnciple-lhat is, tlie (lisc'o\<r\ 
thsit certain particles t>f our universe are 
unssmrnetru al, in tlu* s< nse that tin's 
base a particular ’'hanil<'<hics'' It l)e- 
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comfs reasonable to ask vvbetber sym- 
metn mav be prcscrxed after all bv the 
existence in some otlier part of tlte uni* 
v<Tse of an e<jual amount of anti-matter 
with the opposite "handedness. 

' e mav sum up as follows Anti¬ 
matter ma\ exist in our palaxx. but 
It cannot exceed about one part in 10 * 


000.000 of ordinarx matter if it is there. 
It is most unlikely that any of the stars 
III our galaxv can be made of anti-matter. 
Outside our galaxy, other galaxies in re¬ 
mote parts of the universe may consist 
entirely of anti-matter. The nearest ap¬ 
proach to direct proof of the existence of 
such bodies is the presence of strong 
radio sources whose energy is difficult to 


explain by any known process but 
might be explained by the annihilation 
of anti-matter. On the other hand, if 
anti-matter does exist in the universe, we 
do not understand at present how the 
bulk of it became separated from mat¬ 
ter. To explain this would apparently 
re<|iiire a revolution in our thinking on 
ixjsmological problems. 
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STELLAR POPULATIONS 


by Geoffrey and Margaret Burbidge 


In 1943 Walter Baade observed that stars are divided into two 
populations. His concept opened up a broad field of study, and 
now astronomers classify stars into five populations instead of two. 


D uring the fall of 1943 there were 
a few nights of almost ideal ob¬ 
serving conditions at the Mount 
Wilson Observatory. The air was excep¬ 
tionally steady, the temperature nearly 
constant and the surrounding valley lay 
in the darkness of the wartime blackout. 
Walter Baade of the Mount Wilson staff 
seized the opportunity for another try at 
a long-standing problem—to photograph 
separate stars in the central region of 
the great spiral nebula in Andromeda. 
All previous photographs with the 100- 
inch telescope on Mount Wilson, the 
most powerful instrument then avail¬ 
able, had shown this region only as a 
hazy blur of light. 

The combination of favorable circum¬ 
stances and of Baade's great technical 
skill and ingenuity was successful. His 
now-famous plates revealed that the blur 
was actually a dense mass of faint, red¬ 
dish stars. He also succeeded in resolv¬ 
ing stars in the two small companion 
nebulae of the Andromeda nebula: M 32 
and NCC 205. As Baade himself has ex¬ 
plained in SciEKTiFic American [sec 
The Ckintent of Galaxies"; September, 
1056], a study of these newly resolved 
objects suggested that all stars arc 
sharply divided into two classes: one, 
which Baade called Population I, whose 
brightest members arc hot, blue stars; 


LUMINOUS CLOUD of interitellar matter 
In tbe conitellation of Scotum Sobietki wat 
pbolograpbed wiib the 200 -jnch teleteope 
Ofi Palomar Monnlaiti. Tbe matter ii made 
iQfflInoUi by tbe hot youog $xar$ of Popula¬ 
tion I embedded In it. In lucb regloni star* 
are probably being formed ol the pretent 
tune. Small dark patchet of dente mailer 
can al»o be teen; lome of them may repre^ 
sent an early «Uige In the formation of »tor«. 


and one, which he named Population II, 
whose brightest stars are cool and red, 
but very large. He concluded that the 
stars of Population I were relatively 
young, while the stars of Population II 
were quite old. Most of the stars near the 
sun, and those which had long been visi¬ 
ble in the arms of the Andromeda spiral, 
fell into the first group; those in the cen¬ 
tral region of the Andromeda nebula, 
and in the so-called globular clusters of 
our own galaxy, into the second. 

After 15 years of investigation our 
picture of stellar populations has grown 
less simple and perhaps less suq>ri$ing. 
Instead of supposing that all stars fall 
into just two groups, widely separated 
in age and location in the galaxies, we 
now believe that there is a more nearly 
continuous spectrum of ages, from very 
ancient stars to those still in the process 
of birth. We still divide them into class¬ 
es, but these are more numerous, and 
one tends to merge into the next. To ap¬ 
preciate how the current view has de¬ 
veloped, let us retrace the steps since 
Baade's original findings. 

The brightest stars in his Population I 
are bluish white, with surface tempera¬ 
ture of some 30,000 degrees absolute, 
and the brightest of them shine with the 
brilliance of 100,000 suns. As we have 
said, the great majority of stars near the 
sun seemed to belong to this group, as 
do the stars which had been resolved on 
photographs of the arms of the Androm¬ 
eda nebula and other nearby spiral 
galaxies. 

On the other hand, no members of 
Population I were found between the 
arms or in the central regions of spiral 
galaxies, or in the so-called elliptical 
galaxies, which have no spiral arms. In 
these regions the brightest stars (in 
Baades Population II) are 50 to 100 
times fainter than those in Population I, 


and their surface temperatures are rela¬ 
tively low-only 3,000 or 4,000 degrees. 
Their color is distinctly red, and Baade 
was struck by their simtlarity to the 
brightest stars in the globular clusters of 
our o\vn galaxy. These dense clusters, 
each containing some 100,000 stars, arc 
distributed around the galaxy in a 
roughly spherical volume [see illustra- 
iion at (op of page 21 ), 

^hus far we have spoken onlv of the 
brightest stars in the various regions. 
Each population also contains a whole 
array of fainter members, which seemed 
to fall into the same population group¬ 
ing. All these stars can also be classified 
in another way: by means of the well- 
known temperalure-luminosit)' diagram, 
in which intrinsic brighlnes.s is plottwl 
against temperature. When this is done, 
the stars fall into a well-defined pattern 
with the hvo populations occupying dii- 
ferent parts of the diagram [see ii/ns- 
tration on page 19). The ban<l running 
from upper left to lower right is kno\sm 
as the "main se<juence.** There are Popu¬ 
lation I stars along its entire length, but 
members of Population II are found onlv 
below a certain point near the middle. 

Now it is known that the brightness 
of stars on the main sequence depends 
on their mass. In fact the brightness in¬ 
creases as the sejuare of the mass at the 
lower end of the main sequence, and as 
the third or fourth power at the upper 
end. If one star has twice the mass of 
another, it will be four to 16 times as 
bright. But the mass of a star is a meas¬ 
ure of the amount of fuel it has availabh* 
to burn in the thermonuclear reactions 
which produce its radiant energy, and 
the brightness is a measure of its rate 
of burning. Therefore the lifetime of the 
star (the time re<juired to consume all 
of its nuclear fuel) is proportional to the 
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mass divided by (he brightness. Because 
brightness increases so much more rap¬ 
idly than mass, the bright, hot stars at 
the upper left in the main sequence must 
bum themselves out much faster than 
the fainter stars do. In fact, the brightest 
and hottest appear to be less than a mil¬ 
lion years old. 

Thus Baade*s Population I contains 
relatively young stars. They are so young 
as a group that some must even now be 
in the process of formation. Indeed, we 
can probably see this happening in our 
own galaxy. There are some faint, irregu¬ 
larly flickering stars in the Great Nebula 
in Orion whose unsteadiness is almost 
certainly due to their youth. They have 
not settled down to an orderly existence 
on the main sequence. Some of them 
may even be growing yet, drawing to 
themselves more of the surrounding gas 
and dust. 

We can now understand why Popula¬ 
tion I stars exist only where Baade found 

them, in the ^iral arms of galaxies. 
Formed recently, they have not had time 
to move away from the region contain¬ 
ing the raw materials out of which they 
were made. And for some reason, prob¬ 
ably having to do with magnetic flelds, 
interstellar gas and dust are concentrated 
in spiral arms. Between the arms and in 
the central parts of spiral galaxies, as 
well as in the whole of elliptical gaLoxies, 
there is no dust and very little gas. 

These regions are the domain of Popu¬ 
lation II. There is good reason to suppose 
that they have been dust-free for a very 
long time, and so all the Population II 
stars must be quite old. It is easy to see, 

then, why their main-sequence members 
extend only to stars slightly brighter, 
and about 20 per cent heavier, than the 
sun. All the brighter ones that must ^ 
have been on the upper part of the main ^ 
secjuence came to the end of that phase ^ 
of their lives long ago, and there has ^ 
been no material to make replacements. z 

I.Tow does a star leave the main se- ^ 
quence? Theories of the nuclear re- z 
actions in stars show that most of their 
hydrogen is consumed and converted to 
helium deep in their interiors. As time 
goes on, the core in which the hydrogen 
has been totally consumed grows larger 
and larger. When the core comes to con¬ 
tain about a lUth of the whole mass of 
a star, the star's internal structure be¬ 
comes unstable. To restore equilibrium 
its material must be rearrange. In the 
process the star expands fairly quickly, 
and its surface layers cool; it becomes a 
“red giant.'" This is what has happened 
to the red stars that are the brightest' 


members of the globular clusters, and to 
those which appear on Baade's photo¬ 
graphs of the Andromeda nebula and 
of its companions. 

Eventually a red giant uses up all the 
nuclear fuel in its center and comes to 
the end of its life as a normal star. Then 
it may become a supernova, disintegrat¬ 
ing in a giant thermonuclear explosion, 
or it may suffer a series of lesser explo¬ 
sions known as nova outbursts. Such 
must have been the fate of the bright 
stars of Population II. In Population I 
there are also some red giants, but they 
are about 15 times less bright than those 
of Population II. Examination of their 
spectra has shoNvn that the chemical 
compositions of the two t)'pes of red 
giants are not the same. In the Popula¬ 
tion II red giants the heavier elements 
such 05 calcium and iron are only about 
one one-hundredth as abundant with re¬ 
spect to hydrogen as they are in the red 
giants of Population I. Thus the mem¬ 
bers of Population II must have been 
made out of material that was relatively 
poor in the heavier elements. 

This is just what we should expect 
from the current theory of the origin of 
the elements. It tells us that in the be¬ 
ginning there was only hydrogen. All the 


other chemical elements have been cre¬ 
ated out of hydrogen by nuclear reac¬ 
tions in stars. Each time a star goes 
through its explosive death throes it 
spews out the heavy elements it has 
manufactured during its life. Hence the 
dust and gas out of which new stars are 
made must have been gradually enriched 
in the heavier elements. Thus it is not 
surprising that the oldest stars we ob¬ 
serve today should contain the lowest 
proportion of these substances. 

All this seems reasonable enough, but 
it does not explain why there should be 
only two stellar populations, an old one 
and a young. Why not some middle-aged 
stars? As we have indicated, the seejuel 
to Baade s work has resolved the puzzle. 
Middle-aged stars do indeed exist. 

^T^he most revealing indication came 
from studies of the movements of 
stars in our own galaxy. The gala.xv as a 
whole is revolving, and the individual 
stars share in this motion. In addition 
they have movements of their own. Not 
only do they travel about in the central 
plane of the galaxy, but most of them 
have a component of motion perpendic¬ 
ular to the plane [see illustration at the 
bottom of page 21]. This component 
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(which, in the reference system conven¬ 
tionally adopted in astronomy, is along 
the z axis) carries them above or below 
the central plane. They can travel only 
so far in the z direction before the 
graxilationa! pull of the central mass of 
stars brings them back. Then they re¬ 
verse their motion and move back to¬ 
ward the plane. Like pendulums, they 
do not stop at the c(|uilibnum point, but 
overshoot and travel an equal distance 
to the other side of the plane, and so on, 
At any given moment the z-speed of 
a star depends on its position in the os¬ 
cillatory cycle. But, in general, stars 
with the highest z-speed should swing 
farthest from the central plane. And so 
it turns out. The globular clusters, ar¬ 
ranged nearly spherically around the 
plane, have z-speeds of about 100 kilo¬ 
meters per second. The brightest, hottest 
stars, which lie in a very flat disk in the 
central plane have z-speeds of only 
about five kilometers per second. But the 
catalog of speeds is not restricted to 
these extreme values. There is a continu¬ 
ous gradation; and in the case «f main- 
sccjuencc stars the brighter they are, the 
smaller their speeds aiul the nearer they 
lie to the central plane. This fact 
emerged gradually, in the course of 

mauv years of observation bv several 
♦ ♦ • 

astrononrers. In 1950 the Soviet astrono¬ 


mer P. P. Parenago drew attention to it 
and suggested that, rather than two 
clearly defined jxipulations of stars, 
there must be a full range of populations. 

More recently we have found that the 
# 

chemical wiinxisitions of stars show a 
similar -sprea<l. The percx'ntagc of heas^ 
elements varies from the verv low value 
characteristic of the globular clusters to 
tin* niucli higher value found in the 
brightest stars. Tims our galaxy appears 
to amtain stars of various ages, with the 
older ones K ing, on the average, fartlier 
from tile cvntral plane. 

The picture is quite satisfacton* be¬ 
cause it fits well with the current view 
of galactic evolution. We suppose that 
our galaxv began its life as a cloud of 
hydrogen gas, eitlier pure or slightly cxin- 
tamiiiated with lieavier elements from 
exploded stars in earlier galaxies. The 
cloud tlieii l)egan to shrink, pulled to- 
getliei bv Its own gravitational aHr*ic- 
lion. As it did so. tbe first stars or clus¬ 
ters of stars began to form. In tlie be¬ 
ginning tlie gigantic cloud probably re¬ 
volved slowlv. speeding ii|) as it shrank. 
As a cHUKsequence of its rotation the 
sphere gradually flattened, under the 
same kind of force that makes the ro¬ 
tating earth slightly fiattciiecl at its poles. 

All the time the cloud was shrinking, 
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flattening and revolving faster and fast- 
er» stars were forming in those regions 
where, by chance, the density was high¬ 
er than average. Big stars went quickly 
through their life histories, cooking up 
heavy elements and then exploding and 
scattering them back into the gas out of 
which new stars were continually con¬ 
densing. The shape of the cloud at any 
epoch should be preserved by the stars 
formed at that time. Once they had co¬ 
alesced into dense masses, they would 
move more or less independently of the 
surrounding gas and dust, and would no 
longer partake in the general flattening 
and shrinking. As we have seen, the old¬ 
est stars we see today are indeed dis¬ 
tributed most nearly spherically. 

At a conference in Rome in the sum- 
^ mer of 1957 astronomers generally 
agreed on a convenient classification of 
stars into five populations. They are as 
follows: 

1. Extreme Population II. This is the 
oldest group-at least seven or eight 
billion years old. In our galaxy it is 
represented by the globular clusters, to¬ 
gether with a sparse spherical distribu¬ 
tion of stars lying between them. These 
isolated stars may have escaped from 
the clusters. 

2. Intermediate Population II. Not 
<juile as old as the first group, it occu¬ 
pies a volume not completely spherical, 
though not flattened very much. Stars 
which explode as novae, and also the so- 
called planetary nebulae, apparently be¬ 
long either to this or to the next group. 

3. Disk Population. These stars prob¬ 
ably range from three to five billion years 
old. The Disk Population makes up the 
great bulk of the stars in our galaxy and 
in the Andromeda nebula; most of the 
stars between the spiral arms and in the 
dense central regions probably belong 
to it. The sun is probably a member. We 
know from its chemical composition the 
sun must be at least a •'third generation'* 
star, which indicates that many stars 
completed their life cycles before the 
Disk Population was formed. 

4. Intermediate Population I. This 
Population ranges from about a hun¬ 
dred million to a few billion years old. 
Its members, which include stars like 
Sirius, lie in or quite near the central 
plane of the galaxy but are not restricted 
to spiral anns. 

5. Extreme Popuhtion I. This is tens 
of millions of years old or less, and it 
includes the gas and dust still not con¬ 
densed into stars. Both the gas and the 
stars lie in spiral arms. The hot, bright 
stars in Orion, particularly Rigel and 


the stars in the Orion nebula, belong to 
this class. 

This division into five populations is 
a matter of convenience; actually the 
groups merge into one another and could 
be further subdivided. 

According to the new grouping, stars 


in the central regions of the Andromeda 
nebula and of the large elliptical nebu¬ 
lae are Disk Population, while the globu¬ 
lar-cluster stars belong to Extreme Popu¬ 
lation II. The chemical compositions 
seem to support the classification: 
globular-cluster stars are considerably 


SCHEMATIC EDGE-ON VIEW of our own galaxy shows iu central bulge and relatively thin 
arms. The circle i$ a eroM aection of the spherical volume occupied by (he globular cluster®. 


SCHEMATIC THREE-QUARTERS VIEW of the galaxy shows the three components in 
the motion of a ,Ur in iu central plane. The Mar swings like a pendulum in the * direction, 
while It alio move, in the xy plane, taking part in the rotation of the galaxy as o whole. 
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poorer in the heavy elements than the 
others. But there are still some open 
questions. We have mentioned that, be¬ 
cause of their lower concentration of 
heavy elements, the bright red giants in 
globular clusters are about 13 times 
brighter than those near the sun. Yet the 
brightest red giants in the center of the 
Andromeda nebula apparently have the 
same brightness as those in globular 
clusters. Also, in the central regions of 
our galaxy there is a large number of 
variable stars of the same type as those 
found in globular clusters. Perhaps these 
regions actually contain a mixture of 
classes, including Extreme Population II, 
as well as Intermediate Population 11 
and Disk Population. 

( ^learly we have only begun to under- 
^ stand the whole problem. When we 
learn how to classify all the stars we can 
observe, we shall know a great deal more 
about the history’ of the universe. Many 
intriguing (juestions suggest themselves. 
For example, what is the detailed life 
history of a galaxy? Are the galaxies 
around us in different stages of develop¬ 
ment? It seems now that they are. Spiral 
galaxies with very small central bulges 
may be much younger than galaxies like 
ours, in which the central bulges arc 
large. Probably the central region grows 
larger as a galaxy ages, because its ma¬ 
terial gradually loses itsS random move¬ 
ment and falls inward. As the center 
becx)mes denser, star fonnation speeds 
up. Therefore it is not surprising to find 
stars covering a wnsiderablc range of 
ages in the C'cntral regions. 

]t is possible that all galaxies do not 
age at the same rate. Factors sticb as 
the mass of a cloud of gas, its initial 
speed of rotation and the size of its mag- 
jietic field, if it had one, may affect its 
development and the rate of star fonna- 
ti(m in it. Thus galaxies that were born 
at the same time may now have re;iched 
very different stages in their life his¬ 
tories. This might explain why old- and 
young-l<M>kiiig galaxies are sometimes 
found vers close together. For example 
the two (-hnnls of Nlagellan. our nearest 
exlragalactic neighbors, seem quite 
\oung as t'ompared with our galaxy. 
Half of their masses are still in the form 
of gas, wliereas the gas in our galaxy 
cximpnses only a few per cent of its mass. 
Whi ther they are also poorer in heavy 
elements is not vet certain. 

Main different branches of astronomi¬ 
cal research are at present ixmverging on 
the problem of the life histories of gal¬ 
axies. But the eimccpt of stellar popula¬ 
tions. onginated hv Walter Baade, re¬ 
mains the key to all the approaches. 
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DISLOCATIONS IN METALS 


by Frank B. Cuff, Jr. and L McD. Schetky 


The strength of metals, and other important aspects of their behavior 
cannot be explained if they are considered to consist of perfect crystals. 
Dislocations are crystal faults that account for many of these properties. 


T he word conjures up a 

picture of infinite orderliness- 
billions upon billions of identical 
atoms stacked in perfect array. Actually, 
of course, nothing is perfect. In a real 
metal or other cr>'stAllinc substance the 
order is marred by a missing atom here, 
a foreign particle there and other dc- 
parturcs from regularity. However, these 
imperfections are rare, and one might 
suppose that they could be disregarded 
in calculating the properties of the ma- 
terial. 

For a long time they were. On the as¬ 
sumption of a perfectly filled cr)'slal lat¬ 
tice. metallurgists were able to make a 
number of accurate predictions about 
metallic behavior. They also got answers 
that were entirely wrong. One of the 
most annoying failures came in trjing to 
account for the strength—or rather the 
weakness-of metaU. For example, the 
thcon’ said tliat a stress of some t%vo mil- 
lion pounds per s<juare inch would be 
recjuired to deform pure iron plastically, 
that is, beyond the limit of elastic re¬ 


covery. In fact it takes only 30,000 
pounds per sejuare inch. 

This discrepancy, and others even 
bigger, remained wholly unresolved un¬ 
til about 20 years ago. Then it was sug¬ 
gested that resistance to plastic deforma¬ 
tion depends not on the average proper¬ 
ties of the almost perfect lattice, but on 
the individual properties of a previously 
unknown kind of imperfection. This 
weakest link, known as a dislocation, was 
proposed independently in 1934 by G. I. 
Taylor in England and E. Orowan, then 
in Gcnnany and now at the Massachu¬ 
setts Institute of Technology. Since then 
the hypothesis has become the basis for 
an entirely new and promising theory of 
the plastic behavior of metals. A large 
group of properties which previously 
could be studied only in an empirical 
way are now beginning to yield to ra¬ 
tional nnalvsis. 

The dislocation idea is most readily 
visualized in terms of the deformation it 
was invented to explain. The simplest 
type of plastic deformation in a crystal 


may be likened to the distortion pro¬ 
duced when a perfectly stacked deck of 
cards is pushed askew. The planes of 
atoms, like the cards, slip over one an¬ 
other. In the old theory the stress neces¬ 
sary to produce this deformation was 
calculated as the force required to slide 
whole planes of atoms over each other. 
Now suppose that the planes do not ac¬ 
tually move as rigid units. Imagine that 
a slip can occur in part of a plane, as 
shown in the first diagram below. The 
next diagram shows what would happen 
at the atomic level. Here the upper 
right portion of a crystal has been 
moved one atom spacing to the left with 
respect to the lower right portion, while 
the loft half of the crystal has remained 
undisturbed. Except near the boundary 
of the slip, the lattice arrangement is un¬ 
impaired, and the atoms arc in register. 
In the boundary region, however, the ar¬ 
rangement must be upset—dislocated. 
Obviously there must be one more verti¬ 
cal plane of atoms above the slip surface 
than below. The imperfection which oc- 



SCREW DISLOCATION occurs when the 
slip dtrcclion (orrotc>) is iinroUel lo the slip 
boundary. Like the edge dirfocatioti, it i* 
u region of di^torlion and high energy. 
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EDGE DISLOCATION i syntbolhfd by invrricd T> ocrurs at the boundary of 9ljp between 
of a rry^iuh the vlip direclton (orrous) being ]>rrj>endirtibr to the boundary line. 
Colored vertical plane t/e/O repre-^enU the extra row of nlotn» appearing above the dislo¬ 
cation line when the \ertir.il layers ore subject to distortion e^hown in the -rrond drowing. 
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curs along the bottom of this extra row 
of atoms is called an edge dislocation. A 
model of this kind of atomic derange¬ 
ment is provided by the layer of bubbles 
in the photograph at the right. 

bubbles show what could happen 
^ in an array of atoms, but they do not 
prove that it does happen. For some 
years after Taylor and Orowan pub¬ 
lished their conjecture a number of 
authorities doubted the existence of dis¬ 
locations. Now, as we shall see. the 
weight of favorable evidence has become 
so great as to leave no room for uncer¬ 
tainty. Dislocations exist, and they play 
a central role in determining many 
properties of metals. To appreciate their 
effect on metallic behavior we need to 
know a bit more about the properties of 
fhe imperfections themselves. 

We think of a dislocation as a line run¬ 
ning through a crNstal (although it is 
really a region of small but finite cross 
section). Around such a lino is a region 
of energy higher than in the rest of the 
crystal. This is because the latticx‘ is 
crowded, or compressed, m the neigh¬ 
borhood of tlie extra atom piano, and 
pulled out, or in tension, on the opposite 
side. Both conditions represent an in¬ 
crease in potential energy over the un¬ 
distorted region of the lattice. Because 
of natures universal preference for the 
lowest possible energy states, a disloca¬ 
tion line acts like a stretched clastic 
string. It tends to be as short as possible 
since this makes the high-energy region 
as small as possible. Thus a dislocation 
line resists being bent or curved. 

The line of an edge dislocation is per¬ 
pendicular to the direction of slip. As 
the diagram at the right on tlie opposite 
page shows, this is not the only possibili¬ 
ty. The slip may be parallel to the 
boundary of the slipped area (the dis¬ 
location line), in which case a screw 
dislocation is produced. This tvpe of dis¬ 
location was discussed in detail by H. L 
Fullman in his article on crvstal growth 
(see'Tlie Growth of ('rvstals/U)V KoIkt! 

1. Fullman; S<;iENnn< Asu-nu an Off¬ 
print 260). For our present purjxises 
it is sufficient to note that screw disloca¬ 
tions are also regions of <listortion and 
hent'C of high energy, and that their 
effects on crystal properties are the same 
as for edge dislocations. 

What are these effects? First of all. as 
Taylor and Orowan originally pointed 
out, dislocations make metals weak. It is 
not hard to sec why this should lx? so. 
As the diagrams at the top of the next 
two pagers indicate, pushing one dislo¬ 
cation entirely across a slip plane has 
the effect of shifting the adjacent layers 



SOAP Bl BBLES floating on provide a iv^o-dimcnHioiul nioilel of \\u' 

of atoiD» in a rryMaJ. Tlie ^billing colored line run^ through an extra rou of huhhlrs »» the 
Mtdund half of ihe piclure. Ai the end of ihh row h an edge di.loi jtiun. An imh or tv>o 
below the line and roughly parallel with it can be iem the hubhle counierp.iri of a gr iin 

boundary. The bubble melliod was invenled by W. I . Bragg and J. F Nxe. . ..of 

the technique was prepared by Martbed H.ihl.inian, Ma^.jchu^eti- lii^iiiutr of Tnhnologx. 
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by one atom spacing. But at any moment 
the only atoms actually in motion are 
those in the region of the dislocation 
itself. Obviously it should be much 
easier to move these few particles than 
to push one whole plane of atoms across 
the other. Moving entire planes would 
be like dragging one sheet of corrxigated 
iron across another; each row of atoms 
would have to climb a hump to drop 
into its new position. In a dislocation the 
climbing is restricted to a few rows at a 
lime. As a matter of fact, a detailed cal¬ 
culation of the force necessary to move 
a dislocation showed that if it were the 
controlling factor in plastic behavior, 
metals would be a great deal weaker 
than they are. The dislocation hypothesis 
seemed to have done its work too well. 

The explanation of this new problem 
is that crystals contain many dislocations 
which interact with each other. For ex¬ 
ample. consider what would happen if 
one rlislocation were pushed toward an¬ 
other whose extra plane of atoms lay on 
the same side of the slip plane. (Such a 
p.iir of dislocations arc said to have the 
same sign.) The two overcrowded re¬ 
gions would move closer together, thus 



aggravating their compression, and the 
stretched regions would similarly be un¬ 
der greater tension. Obviously there 
ssould be resistance to such a motion. 
Dislocations of like sign repel each other. 
On the other hand, if the extra atoms lie 
on opposite sides of the slip plane (dis¬ 
locations of unlike sign) the overcrowded 
region of one dislocation fits into the 
stretched region of the other. These dis¬ 
locations attract each other. Therefore, 
regardless of sign, interacting disloca¬ 
tions tend to immobilize themselves. 

I nteracting dislocations provide the first 
rational explanation for the effect of 
work hardening, i.c.. strengthening a 
metal bv subjecting it to some form of 
plastic defonnation. Imagine a scries of 
dislocations, all of the same sign and all 
lying on the same slip plane, moving in 
response to an applied force. If the lead¬ 
ing dislocation encounters a disturbance 
such as a flaw in the lattice or a foreign 
atom, it mav lie unable to move past this 
harrier. If the dislocation is stopped, its 
repulsive force will block the dislocation 
behind it. The dislocations will pile up 
like automobiles at a red light. Now no 


further slipping can occur unless the 
force is made large enough to dislodge 
the first dislocation. In other words, the 
metal is stronger. 

Strengthening also results when two 
dislocations of opposite sign come to¬ 
gether on the same plane. The txvo can¬ 
cel each other, their extra atom planes 
combining to form a regular layer in the 
crystal lattice. When dislocations dis.ap- 
pcar, the path of easy deformation is 
lost and the metal is strengthened. Work 
hardening can more than treble the 
strength of a material. It is the basis of 
such standard metallurgical processes as 
rolling, swaging, forging and drawing. 

We have seen that in the process of 
deformation, dislocations move to the 
edge of a ciy stal and disappear. It might 
be supposed that eventually all the dis¬ 
locations in a metal would be lost, and 
that it would accpiire the strength of a 
perfect crystal. This never happens. Ap¬ 
parently there is some continuing source 
of dislocations in every cr>'st.il. The na¬ 
ture of the .source was a great puzzle 
until F. C. Frank of the University of 
Bristol and W. T. Read of Bell Telephone 
Laboratories proposed the ingenious 




I)ISI.O(. \TI<lN SOI'R( F, »liicli rtiu five ri»c lo unlimited amount of 
olili i^ dinfsr.immed ..hove. Ihf liflii nrro« represents the direction of 


the applied force; the heavy arrow, the direction of motion of the hori- 
rontal didocation line. The left end of the line ha« encountered a barrier 
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the phenomenon in metals known as the 
yield point. ^Vhen a distorting force is 
applied to a metal, the deformation 
grows steadily greater as the force in¬ 
creases until the yield point is reached. 

Then the metal suddenly gives way, and 
the deformation continues to increase 
even if the force is reduced. The yield 
point marks the transition from elastic 
to plastic behavior. The theory is that in 
the elastic range the forces are not large 
enough to pull the dislocations loose 
from the Cottrell atmospheres. At a cer¬ 
tain critical value the dislocations are 
tom from their anchor, and may then be 
kept in motion by a smaller force, 
ihe aeformatloD the rows of atoms on opposite sides Metab without abrupt yield points are 
oflheslipplanearea|aiDinregister<fas£</uifram). now being made simply by purifying 

them enough to eliminate the Cottrell 
mechanism illustrated below. If a mov- atmosphere from all but a few of their 
ing dislocation line meets an obstruc- dislocations, 
tion that stops it at an end point, the 

rest of the line may continue to move \n important method for strengthening 
by pivoting around the fixed point. The ^ certain alloys, especially light ones 
diagrams show how such a line will form such as Duralumin, is known as age 
a spiral, which sweeps repeatedly over hardening or precipitation hardening. In 
the slip plane, producing a slip of one this process the metal is made very hot 
atom spacing for each revolution. Thus and suddenly quenched. Then it is held 
the dislocaHon is never used up.** A at a moderate temperature for an ex- 
similar sequence results if both ends of tended period. The result is that small 
the dislocation are anchored, except that particles of a second structure precipi- 
the successive waves of dislocations have tate out of the lattice of the parent metal, 
the form of closed loops rather than Why this should strengthen the material 
spirals. advent of disloca- 

Because of their distortion of the lat- tion theory. Then it was pointed out that 

tice, dblocations tend to attract the for- the precipitated particles do not fit ex- 

eign atoms in a crystal, such as the car- actly into the lattice, and so produce a 

bon atoms in steel. A foreign atom that region of stress around themselves, 

is larger than the lattice atoms will tend When a moving dislocation encounters 

to move to the tension side of a disloca- such an assemblage of particles it finds 

tion, where there is more room between that some of the sUess fields oppose its CRAIN BOUNDARY bcinceii contiguous 

neighbors. Similarly a smaller foreign passage while others tend to aid it. Be- particles of o polycr>6talline mcial U illus* 

atom will tend to migrate to the com- fore aging, the particles are very fine and Jbe schematic diagram at top. The 

pression side of a dislocation. This effect closely spaced. Hence along every small « equivalent to an army of edge dls 

was first pointed out by the British metal- section of its length the dislocation en- i" Jwgram at bottom, 

lurgist A. H. Cottrell; the concentration counters about as many helping stresses 
of foreign atoms is called a Cottrell at- as hindering stresses [see diagram at top 

mosphere, It explains for the first time left on page 28]. The effect of aging is Thus the dislocation theory has pro¬ 

to consolidate the precipitated particles vided the first reasonable explanation for 
into large units further apart [bottom a number of time-honored but purely 
left on page 28], In such a region a dis- empirical metallurgical methods. But 
location would take on a wavy form these successes are not the only evidence 
bending around the centers that oppose for the hypothesis. In the past few years 
its motion. But, as wc have seen, a dislo- more direct evidence for believing in dis- 
cation resists bending, so that now it is locations has been uncovered, 
harder to move and the material is In the first place the theory implie.s 
strengthened. Overly long heat treat- that a crystal without dislocations should 
menl usually results in the state depicted be very strong. However, no one could 
in the third diagram, where the particles figure out how to make such a cr)'Stal. 
have conglomerated and separated so far Then Conyers Herring and J. K. Gait of 
that the long lengths of dislocation be- Bell Laboratories found one in a faulty 
tween them can bend comparatively piece of telephone equipment. The tin in 
easily and pass along, leaving dislocation a certain capacitor was discovered to 
loops surrounding each particle. Now the have grown tiny whiskers, about a fifty- 
whicb arreiti fti motion. The diriocation pivoti material is said to be overaged, and it has thousandth of an inch in diameter, as the 

•ronad ihii barrier point in a never-ending •pirol. lost Us hardness. result of corrosion. These tin whiskers 
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\(;E H \R1)F.MN(^ lakes place uhen llie fine, rlo'cly spaced panicles of a second 
‘struemre nr top arc consolidated itUo larger pariiclo as the result 

n.inc ihonom hft^. U llie process goes loo far Uight\ the nialerial i* overagrd 
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ruined the CApadlor, but as Herring and 
Galt realized, they were worth far more 
than their weight in gold as research ma¬ 
terial. Within their tiny diameter there 
was no room for dislocations. When their 
strength wiis measured, they turned out 
to be nearly as strong as perfect crystals 
arc supposed to be. 

Another striking corroboration for dis¬ 
location theory concerns the boundary 
bchveen adjacent crystal grains in a 
metal. Almost any piece of metal large 
enough to handle consists not of a single 
cr)stak but of a large number of sepa¬ 
rate crystalline grains. The boundaries 
between these units are regions of misfit 
[see boundory in bubble photograph on 
page 25]. When the angle beriveen 
grains is small, say less than 10 degrees, 
the hound a r\' may he regarded as an ar¬ 
ray of edge dislocations, as shown in the 
diagram on p^age 27. Now it has been 
established that when a metal is treated 
with an acid, the rate of etching is liighcr 
in regions of higher energy. Therefore 
dislocation should be attacked more 
strongly than surrounding parts of the 
lattice. When a polished polycr)’slalline 
metal sample was treated with acid, the 
grain boundaries revealed a row of dis¬ 
crete etch pits or pips, each representing 
a single dislcKation [see photograph 
at left]. 

The most convincing experiment thus 
far was performed in 1952 by E. R. 
Parker aiul J. Washburn of the Univer¬ 
sity of C:aliforiuu. Calculations indicated 
that when a metal is subjected to a 
shearing force, the rows of dislocations at 
lirain boundaries should move in a di- 
reel ion perpendicular to the force. An 
(irdinarv poKcrv stalhne sample is too 
C'oin plicated to analyze. Parker and 
Washburn grew two zinc crystals in a 
carefully c'ontrollcd manner so as to pro- 
<hue a single low aiigle grain boundary. 
This houiulars behaved exactly as tlie 
tlieon predicted when a force was ap¬ 
plied to the crystal pair. 

Under some cxinditions the individual 
grains <i{ a pob crystalline metal have 
iireii found to develop a fine network of 
vubgrains. This state, called polygonizu- 
lion. usually results when a cold-worked 
inrlal is j^.irtialK annealed (held at a 
modelatelv high temper.iture for a short 
tune). Its ilfect is to strengthen the 
metal. 

I’he mechanism heliind this phenomo- 
luin tan he seen in tlie diagram above. 

I he first picture shows a metal lattice 
ulm h ointains a random distribution of 
ilishKations. When sueli a metal is heat- 
K‘i\ and ileformerl into an arc. the thermal 
agitation of the atoms makes the dislo¬ 
cations more mobile and they move to 
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BOUNDARY between a pair of Urge aingle 
erystalft ihoald move borizontolly if a ver* 
lical shearing force {arrow) it applied at 
shown. Actual crystal boundaries have now* 
been proved to behave as the theory predicts. 

the more stable positions shown in the 
second picture. These positions are pre¬ 
ferred because they involve the least dis* 
tortion in the crystal. The process resem¬ 
bles what takes place when a thin» flex¬ 
ible steel ruler is bent. As the curvature 


increases, the ruler will suddenly spring 
into two straight sections forming a sharp 
angle-a more stable configuration under 
the imposed stresses. Since the poly- 
gonized structure represents a more sta¬ 
ble position for the dislocations, they will 
now be harder to move. Hence the metal 
is stronger. 

Metallurgy, one of the oldest arts, is 
only now coming into its own as a sci¬ 
ence. The dislocation idea is proving one 
of the most powerful tools of this new 
discipline. As yet its usefulness is chiefly 
theoretical, although the theory is al¬ 
ready being applied in a few instances. 
For example, polygonization is a new 
method for strengthening certain metak. 
In genera), however, it is beyond our 
powers to predict the actual behavior of 
the enormous number of interacting dis¬ 
locations in a real metal. But as the 
theory develops we approach ever closer 
to the goal of a true understanding of 
metals and alloys. 



POLYGONIZATION means the forraalioo 
of tiny subgrains within each grain of a poly* 
crystalline metal. It occurs when randomly 
spaced dislocations line up to give an ar¬ 
rangement of minimum strain in the lattice. 


The Author 

FRANK B. CUFF. JR., and L. McD. 
SCHETKY arc both metallurgists at the 
Massachusetts Institute of Technology. 
Dislocations of a geographical sort played 
an important part in the youth of l^th 
men. Cuff, whose father was with the 
mining division of the Aluminum Com¬ 
pany of America, received his early edu¬ 
cation at various stops in the U. S. and 
South America. Schetky, the son of a 
Navy officer, was bom in the Philippines 
and went to school both in the U. S. and 
Europe. After graduating from the Rens¬ 
selaer Polytechnic Institute, where he 
majored in metallurgy, Cuff received his 
doctorate from M.I.T. He is now an as¬ 
sistant professor at M.I.T., and is engaged 
in the study of creep and deformation 
in alloys at high temperatures. Schetky, 


also an R.P.I. graduate, took his Ph.D. 
there in 1953; a director of research at 
the Alloyd Research Corporation, he is 
presently working on the development of 
materials for use in ultra-precision in¬ 
struments. 

Bibliography 

Dislocations in Crystals. W. T. Read, 
Jr. McGraw-Hill Book Company, Inc., 
1953. 

Dislocations in Metals. Edited by M. 
Cohen. American Institute of Mining 
and Metallurgical Engineers, 1954. 
Dislocations and Plastic Flow in 
Crystals. A. H. Cottrell. Oxford Uni¬ 
versity Press, 1953. 

iMPERFECnO.NS IN NeaRLY PERFECT 
Crystals. Edited by W. Shockley and 
others. John Wiley & Sons, Inc., 1952. 


SPECIAL NOTE TO TEACHERS: Each article in this volume, plus more than 660 
others, is available as a separate, self-bound SCIENTIFIC AMERICAN Olfprint. 
Offprints may be ordered in any combination and in any quantity. Teachers who 
want to adopt articles for their courses, therefore, can ensure that each student 
has his own set. Students' sets are collated by the publisher before shipment. 




S(*IKNTin(' 

\MKRIC\N March 1952, Vol. 186. No. 3. pp. 47-54 


OFFPRINT 


205 


THE QUANTUM THEORY 


by Karl K. Darrow 

To explain the radiation that comes from an enclosed cavity through a 
hole in its wall, Max Planck made an assumption whose consequences 
extended far beyond this problem, revolutionizing almost all of physics. 


T his is the history of a physical 
theory which began in 1900 by tak¬ 
ing over a small province of physics 
and now has extended its empire over 
almost the whole of the sciences of 
physics and chemistry. More precisely, 
it is half of the historv. for it carries the 
story only to 1923» wfiich happens to be 
about us far along the road as the non¬ 
physicist can travel easily. The story is 
that of the quantum theory, and this 
account will relate the main events in 
its early historv. 

Usually a doctrine or discovery in 
science does not spring unheralded and 
fullblown from a single mans brain; 
hcliind the reported founder of the doc¬ 
trine there arc likely to be others who 
partly anticipated him. and the origin 
of the idea may be lost in the mists, 
This cannot l>c said of (piantum theory. 
The recognised founder was the actual 
founder, and there was no one behind 
him- His name was Max Planck; he was 
born in Germany in 1858, atul he died 
there in his 89th year in 1947. Tacitus 
has said of some Roman character that 
he was lelix opportuuifate moriis-he 
was luckv to die wlicn he did. Not so 
for Planck; he suffered grievously in tlie 
two world wars, losing a son in each and 
his house and his librarv' in the second, 
he would have had a happier life if he 
had died in 1914. He would also have 
been equally famous, for Ins grand idea 
had come at the turn of the centuiy. 


Planck achieved his doctorate by a 
thesis on an experiment in the diffusion 
of hydrogen through palladium. This 
was the only experiment he ever per¬ 
formed: one may suspect that it was im¬ 
posed on him rather tnan chosen by him. 
Even before he won his doctorate, he 
had devoted himself to the theoretical 
study of the foundations of thermody¬ 
namics. He saw rather more deeply into 
the second law of thermodynamics than 
anvone before him, and his textbook on 
thermodsmamics is still a classic. 

It was by way of thermodynamics that 
Planck came to the quantum theory. 
Thermodynamics is a hard subject, and 
Planck arrived at the <iuantum theory 
by the hard way. ^Vhe^ he entered upon 
thcrmo<lynamics, it was a science of heat 
in matter. Planck extended it to light. 

The Cavity Problem 

Imagine a cavity inside a solid body. 
There is a small perforation in the wall 
of the cavit>, out of which light can 
come. It must he large enough so that 
we can get enough light out of it to 
analyze with a spectroscope; it must 
also be small enough so that the light 
which comes out will be .i fair sample 
of what the light inside would be if the 
perforation were not there. We have 
therefore to assume that one and the 
same perforation can be neither too 
large nor too small. This sort of double- 


barreled assumption is frequently made 
in physics, and in this case at least it has 
not yet led us into any trouble. 

First let us suppose that there is some 
gas inside the hollow. For definiteness 
let the gas be helium, which is a nice 
monatomic gas and nearly a perfect gas. 
The gas has energy, which is the kinetic 
energy of its atoms. This kinetic energy 
we know to be proportional to the abso¬ 
lute temperature. We also know that 
the energy is proportional to the number 
of atoms. If 1 pump half of the gas out 
of the cavity while the temperature re¬ 
mains the same, the energy of the 
in the hollow is reduced to onc-half; if 
I pump extra helium into the cavity so 
as to double the quantity, I double the 
energy. 

Let us now imagine that all of the gas 
is pumped out. The cavity is still not 
empty', for it still contains light, in fact, 
just the same amount of lignt as while 
the gas was there. Since the cavity con¬ 
tains light, it contains the energy of that 
light. This energy is proportional, how¬ 
ever. not simply to the temperature but 
to the power of the temperature. 

There is also a much more important 
difference between light and helium; 
namely, whereas the energy of the he¬ 
lium in the cavity is proportional both to 
the absolute temperature and to the 
amount of helium, the energy of the 
light depends only on -the lemperariire. 
There is no point in saying that Uie 



SPECTRA OF IlYDUOfiEN show bright lines which 
correspond to energy transitiimn m ihe hy<lrogen atom 
and inolerulc. Fhc hriglilcr lines in llie top spcctruni 


are emitted by atomic hydrogen; the more complex lines 
in the bottom specinim, by llie hydrogen molecule. The 
fipecira were made at The Johns Hopkins University- 
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energy of the light is proportional to the 
amount of light, for amount cannot 
be varied. There is no pump by which I 
can pump out half of the light and leave 
the rest. I could indeed increase the 
amount of light in the hollow by shining 
a searchlight through the perforation, 
but this would make no lasting differ* 
ence. The beam of the searchlight would 
be absorbed in the walls of me cavity 
and heat them up; as soon as I turned 
off the searchlight, the temperature 
would start to revert to its original 
value, and when it got back to its initial 
value there would be the same amount 
of ^ht in the cavity as before. 

The light emerging through the per¬ 
foration has a peri^dy distinctive spec¬ 
trum, and this we have already assumed 
to be identical with the spectrum of the 
light inside the cavity. On a graph in 
which energy is plotted against fre¬ 
quency, the spectrum has a single broad 
hump, meaning that the energy is great¬ 
est at the middle wavelen^s in the 
spectrum and least at the highest and 
lowest frequencies. This spectrum has 
several names. Planck called it the “nor¬ 
mal spectrum.^ Germans generally call 
it the spectrum of “cavity radiation," 
which is the best name. English-speak¬ 
ing people usually call it the olack-body 
spectrum," because a perfectly blacK 
l^y would emit light of this composi¬ 
tion. (It seems paradoxical that a black 
body should emit light, but it is no 
paradox at all when we remember the 
distinction between emission and reflec¬ 
tion. The practical definition of black¬ 
ness is that it is the quality of not re¬ 
flecting light. A black body does not 
reflect, but it may emit; in fact, it is the 
most powerful possible emitter of light. 
We ordinarily look at bodies—black, 
white or colored—when they are reflect¬ 
ing light but are not hot enough to emit 
an appreciable amount of visible light. 
At temperatures of incandescence a 
black b(^y would look brightest of all.) 

Little Resonators 


Planck set out to explain the bbek- 
body spectrum. He postulated that all 
solio b^ies, and therefore the walls of 
the cavity, contained little osciUators- 
he called them resonators—of every 
ima ginabte frequency. B y resonators 
Pbnek meant small electrified particles 
which wiggled to and fro. (A few years 
bter he iomtified them as vibrating elec¬ 
trons, but in 1900 the electron had only 
just been discovered and was far from 
well established in physics.) It followed 
that in any range of frequencies, how¬ 
ever narrow, there must be resonators 
having frequencies in that range. Take, 
for instance, the bright yellow spectrum¬ 
line of sodium which is designated by 
the letter D. We are to imagine that 
there are resonators having frequencies 
within this narrow range. All of them 


are emitting yellow light into the cavity, 
and yellow light is coming right back 
out of the cavity and bathing £em and 
stimulating them to continued oscilb- 
tion. There is an equilibrium between 
the energy of the resonators and the 
energy of the vellow light. So it is with 
the energv of blue light and the resona¬ 
tors which have the frequency of blue 
light, and so it is throughout the entire 
spectrum. If by any valid line of reason¬ 
ing one could arrive at the energy which 
the resonators of anv frequency have 
when they are in equilibrium with the 
light, one would be able to arrive by 
one simple further step at the energy 
which the light of any frequency has 
when it is in equilibrium with the resona¬ 
tors. This would be the answer to 
Pbnek's question, for it would give the 
black-body spectrum. 

There was an answer to this question 
before Planck, but the ans\ver was a 
disaster. This “classicar answer was that 
all of the resonators have the same en¬ 
ergy, no mattei what their frequency. 
From this it followed that the quantity 
of light in the cavity would be infinite, 
and since the quantity of light in the 
cavity actually is finite, the theory was 
sunk. 

The flaw in the classical theory by in 
one of its assumptions—indeed, a very 
plausible one—to wit: that any resonator 
may have any amount of energv ; in other 
words, that it may go continuously up 
or down the energy-scale through all 
levels, like a man walking up or down 
a ramp. Planck replaced the ramp by a 
ladder, with its rungs, as in any practical 
ladder, at equal intervals. His assump¬ 
tion was that the resonator must always 
be on one or another of the rungs, and 
if it proceeds up or down the ladder, it 
must proceed by jumping from rung to 
rung. That is to say, it may absorb or 
emit energy only in certain discrete 
units, represented by the e<{ual spacing 
from rung to rung of the ladder. Planck 
then affirmed that the spacing between 
the rungs of the ladder was not the 
same for all resonators but must be pro¬ 
portional to the frequency of the resona¬ 
tor in each case. He designated the spac¬ 
ing, or energy unit, as hv, and said that 
h is a universal constant, y being the 
frequency of the resonator. 

Pbnek's substitution of the ladder for 
the ramp not only avoided the disaster 
of infinity but yielded the actual form 
of the black-body spectrum. To explain 
just why it did so, it would be necessary 
to define entropy; to quote what is 
called Boltzmann s rebtion between en¬ 
tropy and probability; to define proba¬ 
bility in a very special and peculiar way; 
to derive the formulas for the probability 
and the entropy of a flock of resonators, 
among which parcels of energy of the 
amount hv are distributed in the most 
probable way; to say that the derivative 
of the entropy with respect to the energy 


is the reciprocal of the absolute tempera¬ 
ture; to show that when all this is done, 
one arrives at a formula which gives the 
energy of the resonators of any chosen 
frequency v as a function of the tem¬ 
perature, and to conclude by showing 
that out of this formula comes the black- 
body spectrum which is ratified by ex¬ 
periment. This skeleton of the argument 
shows that the argument itself can find 
no place in an article designed for peo¬ 
ple who are not mathematical physicist?. 
It will certainly be concede<i that Planck 
got to the quantum theorv' the hard wav. 

The constant h is known as Pbnek's 
constant. Its value must be determined 
by experiment; it is not prescribed by 
theory. It has been measured in a va¬ 
riety of ways, and all of the measure¬ 
ments agree. Planck may be character¬ 
ized as tne man who put h into phvsics. 
People who drop the h are sometimes 
called cockneys; in this sense the phvsics 
of the period before Planck may be 
called cockney physics. If the physicists 
of that period could return for a glimpse 
of our physics, they might say that it is 
cockeyed physics-and yet ours is right, 
and they would be wrong. 

1 have said that tlie rungs of the lad- 
der-the “levels,** as they are more gen¬ 
erally called—are spaced at intervals ho; 
I have not said where the ladder starts. 
In Planck's original theorv* the bottom 
rung was at zero: the energy-values per¬ 
mitted to a resonator were 0, hv. 2hv, 
3hv, and so on. Later Planck revised his 
theory and located the bottom nmg at 
the energy-value ( - )hv. so that the 
subse<}uent rungs followe<l along at 
( f )h''» ( 7 on. So long as 

we concern ourselves with black-body 
radiation alone, it makes no difference 
where we start, but other phenomena 
confirm Pbnek's second choice. 

Panicles of Light 

If light is emitted and absorbed onlv 
in units of size hv, the obvious next step 
IS to infer that light travels around in 
units or parcels or particles of energy 
hv. But tnis is a step that Planck him¬ 
self did not take. According to some of 
those who knew him and to the evidence 
of his own writings, Planck was a revo¬ 
lutionary of a very consenttive kind. 
He took one radical step when it was 
necessary, but he was not daring enough 
to try to revive the corpuscular lheor\ 
of light, and this is understandable in 
view of its state at the time. 

In 1900 the corpuscular theory of 
light was very dead. Newton's idea that 
light consisted of particles had yielded 
in the 19th century to the wave theor)', 
and almost anyone who might have at¬ 
tempted to restore the corpuscular theo¬ 
ry would have run grave danger of be¬ 
ing rated a crank. To resurrect it there 
was needed a man possessed of (a) 
prestige, (b) courage, (c) knowledge 
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of Planck s theory and (d) knowledge 
of certain experiments which had not 
yet been performed when Planck put 
forth his theory. There was such a man. 
and his name was Einstein. 

> The new experiments were those on 
the photoelectric effect. This effect con* 
sists in the emission of electrons from 
metab under the influence of light. 
Think of a beam of light playing on a 
piece of metal—sodium, tor example. 
The beam of light. Einstein imagined, 
consists of corpuscles of energy h^. 
Some of them are reflected from the 
surface of the metal; these do not con* 
cem us. Othen enter the metal, and one 
of these may be absorbed in such a way 
that it vanishes completely, yielding up 
its entire energy hv to a single electron 
in the metal. The electron thereby gains 
enough speed and energy to spring out 
of the metal, and it becomes a “photo- 
electron.** Once it is out. we can meas* 
ure its kinetic energy. 

This energy of course is something 
less than hv. The electron has had to 
spend a certain amount of its energ)' in 
order to leave the metal; we might de* 
scribe thb as the fee it pays at the sur* 
face of the metal for its exit-visa. We 
denote this fee by the letter W; thus the 
energy the electron has left when it gets 
out to where we can observe it is hi 
minus W, If we could measure only 
photoelectrons released by one frequen¬ 
cy of light we should be unable to sepa¬ 
rate W from hv. But we can experiment 
with beams of light of many different 
fre<pjencies. and can find the kinetic 
energy of electrons emitted under the 
impact of each frequency. The theon 
.says that if we plot the electron-energ\ 
E against the frequency v. the points 
should lie along a straight line, described 
by the equation; E = hv—W. Expen- 
ments confirm that the points do lie 
along a straight line, and that the slope 
of this line is h, Planck’s constant. As 
for W. it can be determined too; but we 
will leave that constant to the people 
who are most interested in it-the stu* 
dents of solid-state physics. 

The discovery' of this equation and 
the revival of the corpuscular theory of 
light are milestones in the history' of 

f ihysics. Einstein's theory inspired many 
amous experiments; one of the chief 
experimenters was Robert A. Millikan. 
It must be remarked that even Einstein 
was not bold enough to come out for the 
corpuscular theory' of light unrcser\'ed- 
ly. He qualified his idea with a singular 
word, which I think proper to call a 
hedging word—‘'heuristic/' According to 
the New Iniematioticl Dictionanj heu¬ 
ristic means “serving to discover or re¬ 
veal-applied to metnods of demonstra¬ 
tion wKich are persuasive rather than 
compelling, or which lead u person to 
find out for himself." 1 inten^ret that 
Einstein meant to convey that light acts 
in the photoelectric effect as though it 
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SPECTRAL LINES of atomic hydrogen arc mapped several such spectral series which reOect the energy 
against their color (top) and wavelength in Angstroms transitions of the hydrogen atom. The study of these 
(ooffom). This is the celebrated Balmer series, one of series led to Bohr's model of the atom (see next page). 


were corpuscular, without committing 
himself further. 

Today there is no longer any reason 
to hedge. The corpiucular theory of 
light has been re-established. In its re¬ 
incarnation it is the first child of the 
quantum theory. Tlie art bv which it is 
combined with the wave tJieory is also 
a triumph of quantum theory, but this 
is a part of the later histor>'. A remark 
about language is appropriate here. It 
must come as quite a surprise to a stu¬ 
dent of language to learn that “quantum 
theory** and **<juantum mechanics** and 
“quantum number** are terms very com¬ 
mon in physics, while the word ’Vjuan- 
turn * itself has practically vanished. 
Quantum, first introduced to denote the 
quantity hv. later came to be applied 
to the corpuscles of light. In this latter 
sense it has been superseded by a much 
better word-photon 

Vibrating Atoms 

The next province of physics to be 
invaded by the ejuantum tneorv' was the 
province of heat in matter. The cavity 
exhibits heat in die form of radiant en¬ 
ergy. Heat in solids is identified with 
the vibrations oF the atoms. Since 
Planck had scared (juite a resounding 
success with the assumption that oscil¬ 
lators interchange energy with radiation 
in discrete units, nothing could be more 
natural than to try out Inc same idea on 
the oscillating atoms in solids. Like other 
ideas which seem very natural after 
somebody else has thought of them, this 
idea t<K)k several years to emerge. Again 
wc must salute Einstein ns the tlieorist. 
and on tfiis occasion \V,ilthcr Nernst of 
Germany was the leading experiinenter. 

The classical theory (note that in 
physics the term classical ’ is often ap¬ 
plied to the hLSl-but-one thcor} in the 
fields said tliat the heat content of a 
solid IS proportional to its ab.solutc teui' 
])craturo .\nother way of staling the 
theorv is that the specific heat of a solid, 
which is tlie amount of heat needed to 
impart a unit increase in temperature 
to a unit m.jvs of the substance, should 


be independent of the temperature at 
which the solid happens to be when the 
heat is applied. Actually the amount of 
heat needed to raise the temperature of 
a solid by a unit (say one degree) falls 
off as its temperature declines. As 
experimentalists made progress toward 
lower and lower temperatures, the 
departures from the classical theory be¬ 
came more and more striking. The quan¬ 
tum theory arrived in time to take care 
of them. It was found that the ladder of 
levels is the same for the vibrating atom 
as for Planck's electrical resonator. Since 
there is no rung below ( 7 )hv, the 
quantum theory tells us that a vibrating 
atom can never have a lesser energy than 
this—not even at absolute zero tem¬ 
perature, where according to classical 
theory the atoms should be standing ab¬ 
solutely still. This singular result of 
quantum theory has been attested by 
experiment. 

Another type of substance which de^ 
fers to quantum theory' is the gas whose 
molecules contain two atoms, such as 
hydrogen. The energy' picture of a 
monatomic gas such as helium is simple: 
the kinetic energy of its atoms is purely 
the energy of traveling motion (i.e., 
without the complication of rotation of 
tlie atoms themselves), and the <)uan- 
tum tluHirv has nothing new to say about 
it—not at least until the temperature 
falls extremely low. But the molecules 
of a diatomic gas not only move about 
as traveling lioaies but also rotate around 
the axis connecting the hvo atoms—think, 
if you will, of a durribbell spinning end 
over end. The heat content of such a gas 
is partly tlic kinetic energy of traveling 
motion and partly Uie kinetic energy of 
rotalorv motion. It was no slight step for¬ 
ward to imagine that rotators' energy 
may be hmiteel to definite energy-values 
just AS vibratory energy is. Starting from 
this advance, the quanhim theory', which 
had already extended its domain over 

the fields of black-body radiation, the 

✓ 

photoelectric effect and specific heat, 
was now to coiujuer the atom. 

Before we begin that part of the story, 
I should make clear what is meant by 


the statement that rotatory energy is 
limited to certain definite discrete val¬ 
ues, or, as the physicist says, is “quan¬ 
tized." Rotatory motion involves the 
concept of angular momentum, one of 
the most important in physics. For a 
particle revolving in a circular orbit, 
the angular momentum is the mass times 
the angular velocity; for a rigid bodv 
rotating around an axis passing through 
itself, the angular momentum must be 
found by calculation; often in quantum 
physics it appears as a quantity which is 
easy to measure but impossible to sepa¬ 
rate into mass and angular velocity. 

The law of quantization for angular 
momentum is the simplest of all taws. 
In this ladder the unit of spacing be¬ 
tween the evenly spaced rungs is n/ 2 ir, 
and the scale of permitted values of an¬ 
gular momentum usually runs: 0 , h/ 2 Tr, 
2h/2if, and so on. It may be surprising 
to find Planck's constant h reappearing 
in this new role. First it was a t actor by 
which the frequency of a vibrator must 
be multiplied in order to get the spacing 
bctxvecn the permitted energy-values; 
now, multiplied by l/ 2 ir, it is the inter¬ 
val between the permitted values of an¬ 
gular momentum of a rotating body. It 
can play both these roles because it has 
what physicists call the correct dimen¬ 
sions for both. Planck*s constant has the 
dimensions of energy divided by fre- 
(juency, and these arc also the dimen¬ 
sions of angular momentum. 

Bohr 

The quantum theory's comjuest of the 
atom began in the year 1913 (remem¬ 
bered with nostalgia by those who are 
old enough as the last year of the good 
old times), and the leader in this con¬ 
quest was a young Dane by the name 
of Niels Bohr, who came to the Univer¬ 
sity of Manchester to study with the 
celebrated Ernest Rutherford. Ruther¬ 
ford had just established the conception 
that the atom is a sort of miniature of 
the solar system, in which the planets 
are represented by negative electrons 
and the central sun by a positively- 
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BOHR MODEL postulated a hydrogen atom in which an electron traveled 
around a nucleus in any one of several ^permitted** orbits. When the electron 
fell from an orbit of higher energy to one of lower energy, it emitted light 
of a characteristic wavelength. In this diagram the electron orbits arc in« 
dicated as circles or sections of them. Each group of arrows represents a 
group of energy transitions which give rise to a spectral series. The three 
labeled arrows at the left refer to the Balmer series shown on the precede 
ing page. The labels correspond to three spectral lines in that drawing. 


charged and massive nucleus, around 
whicn the electrons revolve in orbits as 
the planets revolve around the sun. In 
the simplest case, the hydrogen atom, 
there is only one electron. Rutherford 
did not prescribe the particular orbit in 
which this electron should revolve. To 
prescribe it required a revolutionary new 
idea, and Bohr was the man who pro* 
vided this idea. 

The orbit of the electron around the 
nucleus, like that of a planet around the 
sun. should be an ellipse, for in both 
cases the force is an inverse*square force. 
A circle is a particular case of an ellipse, 
we will consider only circular orbits. 
A hydrogen atom, with its electron 
revolving in a circular orbit about its 
nucleus, can be regarded os a wheel. It 
is a peculiar kind of wheel, since it has 
no spokes and the rim is vacant except 
for the small region occupied by the 
electron, but it possesses the major prop* 
erty of a wheel; angular momentum. 
Bohr made the assumption that the an* 
gular momentum of a hydrogen atom is 
quantized, and that the electron is per* 
mitted to revolve in certain orbits which 
correspond to the integer multiples of 
h/2n. In its '‘normal state** the hydrogen 
atom has its electron revolving in the 
circle for which the angular momentum 
is h/27r. Its other permitted orbits are 
those for which the values of the angu¬ 
lar momentum are 2h/2T. 3h/2^. and 
so on. Each of these other orbits. Bohr 
postulated, represents an "excited state * 
of the hydrogen atom. 

The energy of the hydrogen atom in 
its normal slate is — R; R being a con¬ 
stant of which Bohr computed the theo¬ 
retical value. The general formula which 
expresses the various cncrg)'-values 
permitted to the hydrogen atom is 
E,* —R/n-. In its first excited state, 
represented by n*2. its energy is — R '4, 
in the second excited state it is —R 9, 
and so on. One may be puzzled by the 
fact that all of these energ\'-values are 
negative. This is because we are reckon¬ 
ing energy from a zero which corre¬ 
sponds to the state in which the hydro¬ 
gen atom is completely torn apart, with 
me nucleus and the electron infinitely 
far from each otlicr. It would seem more 
rational to reckon energy from a zero 
which corresponds to the normal state 
of the hydrogen atom, but this actually 
makes the formula more complicated. 

Bohr went on to propose a second 
revolutionary idea, without which the 
first would nave been of little use. Im¬ 
agine a hydrogen atom in. let us say. the 
second excited state—the one for which 
the energy is —R/9. Suppose that the 
electron transfers itself into Uie orbit 
corresponding to the first excited state— 
the one for which the energy is — R/4. 
The atom now loses the difference in 
energy (R/4 — R/9). What happens to 
this energy? According to Bohr s second 
idea, it leaves the atom, in the form of 
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PHOTOELECTRIC EFFECT occurs when a photon (icot;y line) encounters 
an atom (gray circle) and knocks out one of its electrons (arrows). A low- 
energy photon causes the electron to leave the atom at a steep angle; a high- 
energy photon, at a shallower angle. The curves around the arrows show 
the angular distiibution of electrons resulting from many such photons. 


single photon. Accordingly, there should 
be. in the spectrum of hydrogen, a line 
of which the frequency is equal to 
(P /4 _ R 9)/h. Moreover, there should 
be lots of other lines. «ind all of their 
frequencies should be calculable by in¬ 
serting various integer values for m and 
for n in the general formula: 

v^(R/m2 - R/n2)/h 

Well, this is a correct description of 
the actual spectrum of hydrogen, and 
the theoretical value assigned oy Bohr 
to the constant R agrees with the value 
derived from experiments. There is 
nothing in the world which impresses a 
physicist more than a numerical agree¬ 
ment between experiment and theory; 
iincl 1 do not think that there can ever 
Ijave been a numerical agreement more 
impressive than this one. as I can testify 
who remember it.s advent. 

This is a good place to interpolate 
that one of the most curious features of 
quantum theoiy' is that one and the 
same formula can be derived from 
markedly different postulates. The pic¬ 
ture of the hydrogen atom today differs 
somewhat from the one Bohr proposed, 
and yet tlie new picture leads to the same 
Jormula for the spectrum of hydrogen 
and to the same value of R. The con¬ 
jurers of quantum theory gel the same 
rabbit out of more than one hat. 

Spins 

Now let us consider some other 
wlicels. The first of these is the electron. 
The electron, besides revolving around 
the luiclcus. possesses an ang^jlar 
momentum of its own. and we liken it 
therefore to a wheel. It may be visual¬ 
ized as a rigid body spinning upon its 
axis, but this is a rather dangerous 
analogy, for it leads one to inquire what 
the electron’s angular velocity is. and 
no one has ever been able to answer this 
<juestion-indccd. it is very likely un¬ 
answerable. The electron’s angular mo¬ 
mentum is quantized, and in the simplest 
coiK'eival)le fashion: this is a ladder with 
only one ning. The angular momentum 
of the electron is fixed forever at the 
single value (Ji)h'2:T. 

'Die electron is considered to be an 
clcincntaiy* particle. 1 call it a "struc¬ 
tural elementary particle,” meaning a 
particle wliicli is used ui our ri odels of 
atoms and of the inicUh of iilorns. There 
are two other structural elementary par¬ 
ticles: die ])roton and the neutron. The 
proton IS the nucleus of the commonest 
aij<l lightest kind of hydrogen atom. The 
neutron cannot sers'e as Inc niiclens of 
an atom when it is by itself, but it com¬ 
bines with |)n)tons and with other neu¬ 
trons to fonn composite nuclei. Tliesc 
lliree structural elementary particles 
liave one <|uality in common, and only 
one. Each has the same onc-nmg ladder 
of .mgular momentum, each lias the un¬ 
alterable angular tnomeiituni (Jt)h/2T. 


The most important feature of angular 
momenta, on the atomic and the sub¬ 
atomic scale, is the so-called law of 
composition, meaning the composite 
angular momentum of a system consist¬ 
ing of two or more particles. I will illus¬ 
trate this law by three examples. 

The first is the common light hydro¬ 
gen atom, containing one proton and one 
electron. The spins of these two particles 
arc always either parallel or antiparallel 
to each other. Thus there are two, and 
just two, kinds of light hydrogen atoms. 
The difference in their properties is very 
slight indeed, and yet it can be detected 


by a spectroscope operating in the 
microwave region. 

My second example is afforded by the 
hydrogen molecule, consisting of two 
common hydrogen atoms. This has hvo 
protons and txvo electrons. The two 
electrons always have their spins pointed 
antiparallel to each other. Tne rivo pro¬ 
tons may be pointed in the same or 
opposite directions to each other; there 
are no intermediate cases. Thus there 
are hvo, and just txvo, kinds of molecular 
hydrogen. Their physical properties 
differ appreciably, and they can be sepa¬ 
rated from each other. They even have 



CO.MPTON EFFECT occurs when a high-energy photon (wavy line and gray 
circle at left) encounters an electron (smaller circle in center). The electron 
is knocked away at an angle (lower right). The wavelength of the photon 
ih decreased bv the amount of energy imparled to the electron (upper right). 
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different names: ortho*hydrogen and 
para*hydrogen. 

My last example is provided by the 
simplest of all composite nuclei—the 
deuteron. This is the nucleus of the iso¬ 
tope which used to be called heavy 
hydrogen, though this name is waning 
now that a still heavier isotope is known. 
The deuteron consists of one proton and 
one neutron. In every deuteron the spins 
of the proton and the neutron ore paral¬ 
lel. This is a sharper restriction than 
prevails in my other two examples. The 
theorists believe that the spins of the 
proton and the neutron have no objec¬ 
tion per $e to setting themselves anti- 
parallel, but that the forces between 
these hvo particles are such that in the 
antiparallel orientation the proton and 
the neutron just cannot sHck together. 

Notice now what would be the conse¬ 
quence if this law of composition of 
angular momenta did not exist. There 
would be not just two kinds of hydrogen 
atom but an infinite variety of kinds, 
though it is true that they would not 
differ appreciably in any significant 
quality. There would be not just two 
kinds of molecular hydrogen but an in¬ 
finity of different kinds, with properties 
lying all the way between those ot para- 
hydrogen and mose of ortho-hydrogen; 
these would spoil the distinctiveness of 
molecular hyarogen. Them would also 
be a wide variety of kinds of deuteron. 

Follow this idea a step further. Sup¬ 
pose that the electron of the hydrogen 
atom could revolve around the nucleus 
in any orbit whatsoever, and not just in 
a limited number of orbits of which one 
corresponds to the normal state and the 
others to transient excited states. Were 
tills true, there would be an infinity of 
different kinds of hydrogen atoms. This 
in turn would mean that hydrogen 
would not be the distinctive and in¬ 
dividualistic clement that it is. The same 
may be said about every other clement. 


But for the laws of quantization, carbon 
would not be carbon as we know it, 
oxygen would not be oxygen, iron would 
not be iron and gold would not be gold. 
What the quantum theory explains is the 
distinctiveness and the individuality of 
the 90-odd elements of which the world 
is made. \Vhat a long way for a theory to 
have come, that started out as a theor)' 
of the recondite subject of black-body 
radiation! 

Photon Collisions 

I will mention one more attribute of 
light into which Planck's constant has 
made its way. It concerns a concept 
which would have been inconceivable in 
1900 and was not as a matter of fact 
conceived until 1923: namely, that a 
photon, or corpuscle of light, is so much 
a particle that it can have an elastic 
couLSion with an electron. This phe¬ 
nomenon was observed and interpreted 
by Arthur Compton, and it is therefore 
known as the Compton effect. 

An elastic impact between two bodies 
is one in which both kinetic energy and 
momentum are conserved. After me im¬ 
pact each body has a different energy 
and a different momentum from what it 
had before, but the sum of the energies 
of the two bodies, as well as the sum of 
their momenta, is still the same. What 
Compton did was not only to propose 
that such an impact could occur l^riveen 
a photon and an electron but to state a 
formula for the transfer of energy and 
momentum. 

If a corpuscle of light has linear mo¬ 
mentum, as is implied by the fact that 
light exerts pressure, the momentum of 
a photon of frequency v should be hv/c, 
the symbol c standing for the velocity of 
light Consider an elastic impact be¬ 
tween a photon and a stationary elec¬ 
tron. The initial energy and the initial 


momentum of the photon are hv a nd 
hv/c, respectively; since the electron is 
stationary, its initial energy and momen¬ 
tum are zero. Let us suppose that the 
election recoils from the impact in a 
direction at a certain angle with the di¬ 
rection in which the photon was origi¬ 
nally traveling. Now the equations of 
the impact are easy to solve. One can 
calculate the angle of recoil of the pho¬ 
ton. its new energy, which turns out to 
be less than its original energy hv and 
its new momentum, which turns out to 
be less than its original momentum hv/c. 

We can now write an equation which 
gives the new frequency of the photon: 
its value is E'/h—the new energy divided 
by Planck's constant. In short, what this 
equation and the foregoing theory say 
is that if the electron recoils in a certain 
direction, the photon goes off in a certain 
calculable direction and has a lesser fre¬ 
quency (or longer wavelength) than it 
had before, this new frequency abo be¬ 
ing calculable. 

To test this theory, it is only necessary 
to set up an X-ray spectroscope to catcK 
the photons going off in the theoretically 
calculated direction. WTien this test was 
actually made, by directing X-ravs (pho¬ 
tons) against a target of matter ricn in 
electrons, Compton's theory was com¬ 
pletely confirmed. 

Now we have reached the twin cli¬ 
maxes of the early quantum theory; the 
law of composition of angular momenta 
and the Compton effect. Wc have abo 
reached the year 1923. At thb point in 
the story quantum theory suffers a 
mighty change. Its expression in terms 
of mathematics becomes much harder; 
its expression in terms of words and of 
analogies with concepts of the past be¬ 
comes so very much harder as to verge 
on the impossible. But if one is interest^ 
only in the simpler applications of the 
theory, it is not necessary to attempt 
to pass through the formidable portal. 
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LOW TEMPERATURE PHYSICS 


by Harry Davis 


The ceaseless motion of atoms and molecules would be stilled at 
absolute zero. Workers who have reduced matter close to this state 
observe phenomena that enrich our understanding of the physical world. 


I T was quitting time at the National 
Bureau of Sl.andards. Most of the 
tcclinidans were joining their car 
pools to enter the stream of traffic on 
Connecticut Avenue, but in the low* 
temperature laboratory a fresh batch 
of the coldest fluid was ready to be 
siphoned from Husscll Scott s home* 
made helium liqucficr. It was J. B. 
Pcilam s turn to draw tlie precious re¬ 
frigerated liquid, and dinner could wait. 
As lie set the vacuum-insulated flask 
of licjuid helium carefully inside another 
vacuum-insulale<l flask of liquid oxy¬ 
gen. connected the vapor-pressure 
thermometer and ;idjusted a clamp on 
the hose to the vacuum line. Pcilam 
made a remark that explained much of 
the fascination that low-tempcraturc 
phvsics, or cr\'ogenics, has for its 
workers. "We arc beginning to learn." he 
said, "what lies beyond the thermal 
chaos." 

Tlicrmal chaos is more than a figure of 
speecli- It is tlic ramhiin movement of 
molecules in every substance we touch, 
in the air annmd us, m our very proto¬ 
plasm. It is tlionnal chaos, in fact, that 
makes life possible. Without it molecules 
could not collide arul int<T.ict in llie 
ceaseless round of metabohsTn. 

One of the greatest discoveries of t!ic 
19th C'cnturv \Nas lliat hea* was not a 
’’subtle fluid," as earlier philosoplicrs 
liad llujughl, l>ut a coiulition of mattcT. 
In England, where thermal chaos was 
first harnessed to drive the stc.un engine, 
scientists lieg m to pronounev in their 
lot tores that ’heat is a mode <'f motion." 
It w.is a triumph of this pcruKl tliat tiu' 
laws of the pr<‘ssurc\ the volume and 


the temperature of gases could be drawn 
from the statistics of vast numbers of 
particles moving and colliding in a for¬ 
tuitous fashion. The totality of their 
impacts pushed the moving piston; the 
totality of their kinetic energies was 
their content of heat. 

Normally wc experience the smooth, 
regular result of the law of averages 
working over enormous populations of 
moving molecules. We have the steady 
reading of a thermometer, the smooth 
spinning of a steam turbine, the definite 
speed of sound in air of a given tempera¬ 
ture. Under certain conditions, however, 
the thermal cliaos can be seen and heard. 
It can be seen in the microscope, under 
which, as the British botanist Robert 
Brown observed more than a century 
ago, tiny particles are never entirely 
still. Brown s name is perpetuated in this 
Brownian movement. 

It is easier to listen to thermal chaos. 
The only necessary apparatus is a radio 
set. The noise heard when the set is not 
tuned to a station and tlic volume is 
turned up is nothing but the amplified 
effect of electrons boiling at random in 
tlu* thcumionic tubes. In fact, the thermal 
agitation that the power engineer defines 
.IS heat has a less flattering definition in 
the vocabular)’ of the c'ommunication en¬ 
gineer. It is "pure noise," the frustrating 
factor that limits the sensitivity of a re¬ 
ceiver, sincx; more amplification will 
build up the set s own electronic noise 
as much as the incoming signal. One of 
the practical applications that can now 
bo envisaged kom low-tempcraturc re¬ 
search is the use of a rcfrigcrate<l crystal, 
free of internal noise, to pick up radio 


signals far fainter than the threshold of 
a heated radio tube. 

Accepting the fact that matter at 
familiar temperatures is in a slate of 
thermal chaos, there are two wavs of 
bringing order out of it. The usual way 
is to deal with vast molecular popula¬ 
tions. where the laws of probability work 
out so that individual fluctuations are 
not noticeable. This, perforce, will con¬ 
tinue to be the usual way of doing busi¬ 
ness with nature. The other way, which 
is pursued in cryogenic laboratories, is to 
remove as much as possible of the en¬ 
ergy of motion, silence the ‘‘pure noise'' 
of random movement, and see what hap¬ 
pens when matter approaches utter 
stillness. 

We shall sec that below the tempera¬ 
tures of thermal chaos matter behaves 
in strange and excitingly different ways, 
exhibiting novel responses to the stimuli 
of electricity, magnetism and heat. 
There are supcrconuuctors of electricity, 
screens against magnetism, new fonns of 
wave motion, and, in the case of helium, 
a "fourth state of matter" which cannot 
be strictly defined as either a liquid, a 
solid or a gas. These odd phenomena 
have made low temperatures one of the 
most fascinating frontiers of current 
physical research. 

Klost U.S. work at this frontier is 
sponsored by the Office of Naval Re¬ 
search. the scientific administrators of 
which have not demanded* immediate 
practical results, military or otherwise. It 
is enough for them that there is knowl¬ 
edge to be gained that will load to a 
better mulcrstanding of metals, crystals, 
liquids and gases, electrical resistance 
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and induction, of electrical conductors, 
semiconductors and superconductors. 
Asked about the usefulness of it all, they 
will refer to the classical clich4, “What 
good is a newborn baby?" 

Low Temperatures in Industry 

We might first examine some of the 
baby's older brothers, earlier progeny 
of low*temperature research that have 
grown to healthy maturity. On the long 
road from zero degrees Centigrade (the 
freezing point of water) to zero degrees 
Kelvin (“absolute zero,” 273.16 degrees 
lower), low> temp era hire research has 
brought about such things os household 
refrigeration and the mass production 
of pure oxygen and nitrogen from 
liquid air. 

Liquid oxygen represents the nearest 
large-scale commercial approach to the 
temperatures of the cryogenic labora¬ 
tory. Its temperature is not far above the 
laboratory range. At atmospheric pres¬ 
sure oxygens boiling point is —182.97 
degrees C., only 90.19 degrees above 
absolute zero. 

^Vhen the first detect«ible mists of 
liquid oxygen were obtained in 1877, it 
could hardly have been predicted that 
the product would be distributed in 
tink-car loads for use in oxyacetylenc 
torches; or tliat “lox," as the aviators 
have abbreviated it, would permit the 
fast burning of fuel in the first long- 
range rocket, the V-2, and the first super¬ 
sonic airplane, the X-1. The Linde Air 
Products Company, pioneer producer of 
liquid oxygen, began by shipping oxygen 
as a gas under a pressure of 2,200 
pounds per square inch, and still docs 
so to smaller users. For bigger custom¬ 
ers, it ships liquid oxygen at —182.97 
decrees C. (or —297 degrees on the 
Fahrenheit scale more familiar to indus¬ 
try). A single tank car carries as much 
oxygen as 11 frcight-car loads of the 
pressurized gas cylinders. 

The big prospect of the air-liquefac¬ 
tion indust^ lies in the possible use 
of moderately pure oxygen, or oxygen- 
enriched air, to speed up combustion 
in industry, notably in the making of 
steel. Four fifths of air is inert nitrogen, 
and this nattu’ul mixture can stand arti¬ 
ficial improvement for the purposes of 
combustion. The production of oxygen 
from the air, of course, leaves four times 
as much nitrogen as a by-product, and 
commercial applications for the latter 
arc being sought. 

One such application is for assembling 
products where a tight fit is needed. A 
common method is expansion fitting, 
similar to the housewife s trick of putting 
a tight jar under hot water to expand 
and loosen the cap. The outside member 
is expanded by neat and shrinks back 
tightly on the inside part as it cools. The 
use of liquid nitrogen, which will quickly 
chill a piece of metal to —320 d^cgrccs 


F., makes it possible to shrink the inside 
member first, put it in place, and let it 
expand to a ti^t fit as it returns to room 
temperature. Liquid oxygen has been 
used for shrinking, but it creates an ex¬ 
plosion hazard in the atmosphere. Liquid 
air has the same disadvantage because 
the nitrogen boils off first, leaving liquid 
oxygen again. 

Liquid air, liquid oxygen and liquid 
nitrogen have thus earned their keep. 
They are ako important as auxiliaries 
in reaching the temperatiues of liquid 
hydrogen and liquid helium, either to 
chill them or to interpose an insulating 
barrier beriveen them and the outside 
air. In the history of cryogenics, their 
liquefaction served as milestones along 
the road toward the still unattained 
and probably unattainable goal of abso¬ 
lute zero. 

The Absolute Scale 

Thus far we have used, in about the 
manner they are normally employed in 
science and industry, three different 
scales of temperature and three different 
definitions of zero. The three scales more 
or less reflect the history of man s un¬ 
derstanding of heat and cold. Cabrtel 
Daniel Fahrenheit, the German physicist 
who made his living in England and 
Holland by manufacturing meteorologi¬ 
cal instruments, set zero at the lowest 
temperature he could obtain by a freez¬ 
ing mixture. On this scale, “absolute 
zero" is —459.6 degrees F. In 1742, 
six years after Fahrenheit's death, the 
Swedish astronomer Anders Celsius pro¬ 
posed a scale with the freezing point of 
water at atmospheric pressure as zero 
and its boiling point as 100. This scale, 
usually called Centigrade, was officially 
renamed the Celsius scale last year by 
the Ninth International Conference on 
Weights and Measures in Paris. Since 
the abbreviation C. is retained, the 
change is not momentous. On the Centi¬ 
grade or Celsius scale, absolute zero is 
—273.16 degrees C. 

Both the Fahrenheit and Celsius 
scales arc essentially arbitrary, like the 
pound, the kilogram, the meter or the 
mile. In 1848, with the increasing ther¬ 
modynamic sophistication of science, 
the great Lord Kelvin proposed his "ab¬ 
solute" scale. This retained the Cekius 
degree but shifted zero to its location in 
nature. Absolute zero is by definition 
zero degrees Kelvin, and degrees K. \vjl| 
be used henceforth in this article. 

No one has ever reached absolute 
zero, and it may be stated with a fair 
degree of confidence that no one ever 
will. The argument for this is analogous 
to the indeterminacy principle encoun¬ 
tered elscw'here in physics. In order to 
measure the temperature of a substance, 
some energy must be exchanged be¬ 
tween the substance and its environ¬ 
ment. The moment we have energy, 



THERMOMETER of significant 
temperatures in physics is plotted by 
logarithmic scale to show the detail 
of tlie regions close to absolute zero. 
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however, wc are not at absolute zero. 
The term implies the absence of thermal 
energy. Another argument is that the 
problems of heat removal increase as we 
get closer to absolute zero. It is not ter¬ 
ribly difficult to cool oxygen from its 
room temperature of about 300 degrees 
K. to its boiling point of 90 degrees. It 
is a good deal harder to get to the hydro¬ 
gen boiling level of 20 degrees. It takes 
much more effort to attain the liquid- 
helium level of 4.2 degrees at atmos¬ 
pheric pressure, or 1 degree in a good 
vacuum. It requires additional magnetic 
apparatus to chill the helium to .01 or 
.001 degree. Physicists are still ponder¬ 
ing the problem of magnetically lining 
up the nuclei of atoms to get to the 
millionth-of-a-degree range. As for 
closer approaches to the goal of absolute 
zero, the obstacles appear to be absolute¬ 
ly infinite. 

This ultimate barrier does not deter 
low-temperature investigators any more 
than the infinite distances of the uni¬ 
verse intimidate astronomers. The low- 
temperature workers have an advantage. 
From the properties of matter which are 
dependent on temperature, they know 
at least where their limit lies. 

Drscciulin" the Scale 


The chronologv of man’s descent into 
the depths of temperature goes back to 
the latter part of the 18th century. The 
issue then was not low temperature as 
such, but the (piestion of whether all 
gases could be liqtiefied. Some experi¬ 
menters \iscd pressure, others used cool¬ 
ing. «>thers used both. Ammonia gas was 
Iniuefied in 1798. Then, at the Roval 
Institution in London, Michael Faraday 
f«»riK“<l his experimental genius to the 
problem, and in rapid su(xx.*ssion lique¬ 
fied chlorine, carbon dioxide, nitrous 
oxide and other cximpoumls. By 18^35 the 
French chemist C. Thilorier had pro- 
(hitx'd soliil carbon clioxitk*. ihe 'Wry icc 
ot UkIuv. 

Bnl trv as llioy iini;lU-aiul they tnccl 
migbtilv'by gases with pres¬ 

sures luiiulrcds anti cvei> ibousaiuls of 
atmospheres-till* early experimenters 
could not lupiefy the throe most com¬ 
mon gases, oxygon, liydiogon and nitro- 
i»en Those hocamo known as* pormanonl 
eases, * apparently resisting the law that 


of lo\v-loinp« raturo pli>'»ios. T\uf 
Htn al Si>( ioty Mtmd Lahoratorv 
liowar, litim ih r of iiyclrogon 


li, from DiiN id 










Davis / LOW TEMPERATURE PHYSICS 41 


compression. At atmospheric pressure the 
ccnesponding temperatures are lower: 

Oxygen 90.1 degrees K. 

Nitrogen 77.3 degrees K. 

Hydrogen 20.4 degrees K. 

To make this Ust of low^^temperature 
gases complete we may push ahead of 
our narrative to the discovery of heUum 
in the sun, its extraction from rocks and 
gas wells on the earth, and its liquefac¬ 
tion at a critical pressure at 5.2 degrees, 
and at atmospheric pressure at 4.2 
degrees. 

The liquefaction was achieved in the 
order of descending temperatures. Oxy¬ 
gen was liquefied in 1877, nitrogen in 
1883, hydrogen in 1898. One thing had 
led to anodier physically as well as 
chronologically, tor the experimenters 
generally employed one liquefied gas to 
cool the next. It was with the aid of 
liquid air that in 1898 Sir James Dewar 
brought hydrogen to the temperature 
from which it could be further cooled to 
its liquefaction. Thus by the end of the 
I9th century all the ‘‘permanent” gases 
had been liquefied. 

The 20th-century interest in these 
gases has largely passed from physics to 
industry. The applications of liquid oxy¬ 
gen and nitrogen have already been dis¬ 
cussed. Liquid hydrogen may also have 
an important future, if experiments at 
Ohio State University point the way to 
interplanetary rocket propulsion. A 
miniature rocket engine has been run¬ 
ning there, fueled by liquid hydrogen 
burned by liquid oxygen. This combina¬ 
tion yiclas the highest exhaust velocity 
yet attained. 

The man who first liquefied hydrogen 
diso invented a device used in every 
cryogenic laboratory. The Dewar flask, 
or, to use the common noun, the dewar, 
is the laboratory counterpart of the 
Thermos bottle. The double thickness 
of silvered glass enfolding a vacuum pre¬ 
vents the transfer of heat, thus keeping 
coffee hot and hydrogen cold. Modem 
laboratories usually employ a double 
dewar: a dewar filled with liquid helium 
immersed in a dewar filled with liquid 
hydrogen or liquid air. In such an ar¬ 
rangement the barriers to heat conduc¬ 
tion, reading from the liquid helium out¬ 
ward, are: glass, silver, vacuum, silver, 
glass, liquid air or hydrogen, glass, silver, 
vacuum, silver, glass. 

The story of modern research at the 
lowest possible temperatures is the story 
of helium, first discovered on earth at 
the end of the 19th century. At the cele¬ 
brated cryogenics laboratory of the Uni¬ 
versity of Leiden, run for many years 
under the benevolent Dutch dictatorship 
of Heike Kamerlingh Onnes, helium was 
reduced to the liquid form for the first 
time on July 10, 1908. It was the last of 
the gases to yield to man-made cold. By 
pumping vapor away from the surface 
of liquid helium, thus cooling the latter 


by evaporation, Kamerhngh Onnes even¬ 
tually reached a temperature within .7 
degree of absolute zero. This is still 
about the lowest that can be attained 
Nvithout resort to the newer techniques 
that will be described presently. 

Methods of Chilling 

There are a number of w’ays of achiev¬ 
ing low temperatures, and these may be 
used in various combinations. First 
there is the refrigeration cycle of the 
l.ousehold refrigerator: a vapor is com¬ 
pressed by a pump and cool^ by circu¬ 
lating water, to which it yields its heat. 
This condenses the vapor into a liquid 
which is allowed to evaporate again, re¬ 
moving heat from the interior of the 
refrigerator. The method does not suffice 
to reach truly low temperatures. 

One of the classical methods is a sim¬ 
ple sequence of compression, heat ex¬ 
change, and expansion. The gas to be 
cooled is compressed by a pump, a 
process which causes it to get warmer. 
The added heat is removed by passing 
the gas through a pipe surrounded by 
another pipe containing a colder liquid. 
In making liquid air, for example, the 
cooling may be done by water; in making 
liquid hydrogen, the cooling may be 
done by liquid air; and in making liquid 
helium, the cooling may be done by 
liquid hydrogen. The compressed and 
cooled gas is now allowed to expand 
through a narrow orifice, which cools it 
even more. 

This cooling by expansion was first 
proposed by the British physicists James 
Prescott Joule and William Thomson, 
later Baron Kelvin of the degree K., and 
for them it is named the Joulc-Thomson 
effect. Often the gas cooled by the fore¬ 
going process is used to cool the in¬ 
coming gas. so as the process goes along 
the gas gets colder and colder until it 
finally liquefies. In the case of helium 
the Joule-Thomson effect operates only 
after tlie gas has been cooled to the 
temperature of liquid hydrogen. 

Another method, theoretically obvious 
long ago but only recently applied on a 
major scale, is to allow helium to drive 
an engine so that it gives up its thermal 
energy in mechanical motion. Helium at 
room temperature is something like 
steam far above the boiling point of 
water. Under the right conditions it will 
drive a small version of a steam engine, 
and just as the spent steam turns to 
water the exhaust helium turns to liquid. 
All this is easier said than done because 
no lubricant will serve to case friction 
at the temperature of liquefying helium, 
and the engine must be built with such 
dose mechanical tolerances that only a 
thin stream of helium gas will escape 
between the piston rings and the C)1in- 
der wall. 

Peter Kapitza, the Russian physicist 
who is now presumably engaged in 


atomic research, developed such a 
helium engine while working in England 
before the war. He chilled helium to the 
temperature of liquid air and ran it 
through a one-cylinder engine from 
Nvhich it emerged as a liquid. C. T. Lane 
of Yale University built a similar ap- 
aratus, thus establishing one of the 
rst few laboratories in the Western 
Hemisphere capable of working with 
liquid helium. E. F. Burton of the Uni¬ 
versity of Toronto and W. F. Ciauque of 
the University of Cahfomia had earlier 
used other methods of attaining such 
temperatures. 

Until only a few years ago every low- 
temperature laboratory had to build its 
own low'-temperat\ire apparatus. The re¬ 
search worker had to be a first-class 
refrigeration engineer, one result being 
that every cryogenic apparatus was 
unique. Another result was that there 
w'ere few cryogenic laboratories. The 
situation has changed with the develop¬ 
ment of a helium-engine type of ap¬ 
paratus by S. C. Collins of the Massa¬ 
chusetts Institute of Technology. It is a 
two-cylinder engine, with the cylinders 
arranged so that the cold exhaust gas of 
one cools the intake gas of the other. 
With this apparatus, and without the 
assistance of intermediate coolants such 
as liquid hydrogen or liquid air. it is 
possible to proceed directly from the 
temperature of cold lap water to that of 
liquid helium. The helium is com¬ 
pressed in powerful compressors, cooled 
by water and sent througn the hvo-stage 
engine. 

An ex-student and co-worker of Col¬ 
lins. D. O. McMahon, left M.l.T. to join 
the laboratories of Arthur D. Little. Inc., 
a few blocks up Nfemorial Drive in Cam¬ 
bridge. There, in addition to carrying on 
low-temperature research of his own, 
McMahon has put the Collins Helium 
Ciy'ostat into what, for this field, can be 
regarded as mass production. Nineteen 
of the machines have already been 
shipped to laboratories all over the coun¬ 
try. The Naval Rcscarcli LaboratoA’ 
alone has three. This means that a 
physics laboratory, having decided to go 
into low-tcmperature research, docs not 
have to wail a year or two until its 
physicists build a cryogenic apparatus 
and perfect it. At a cost of about 
$22,000, the laboratory can be in busi¬ 
ness almost immediately. Collins is now 
building a gigantic cryogenic apparattis 
for himself, about which workers in other 
laboratories speak with awe. The rumor 
is that it will provide a working space, 
all at the temperature of liquid helium, 
as big as a large refrigerator. 

The Properties of Helium 

Helium might be called the “less” ga.s. 
It is colorless, odorless, tasteless, aiu^ so 
nearly weightless that its prineipal use 
is for the inflation of balloons. Hydrogen 
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is even lighter, but hydrogen burns, as it 
did in the Graf Zeppelin. Helium is one 
of the "noble" gases; it disdains to react 
with other elements. It was first discov¬ 
ered in the spectrum of the sun, where 
it is believed to be the final inert prod¬ 
uct of the nuclear reaction which is the 
source of the sun's radiant energy. On 
earth it is created by the radioactive 
breakdown of heavy elements such as 
uranium and radium. Their alpha rays 
are the nuclei of helium atoms, consist¬ 
ing of a family of t^vo protons and two 
neutrons. These particles capture a pair 
of electrons as satellites and become 
helium atoms. Nuclear physicists some¬ 
times reverse the process, stripping 
away the electrons to use the alpha par¬ 
ticles as projectiles in such machines as 
the cyclotron. 

On the current frontier of cryogenic 
research, helium plays a dual role. As a 
liquid, it is a curious and fascinating 
substance that is occupying the full at¬ 
tention of many experimenters and 
theorists. As a cold liquid bath, it causes 
substances immersed in it to exhibit the 
curious and fascinating properties of all 
matter shorn of nmst of its thermal chaos. 

The fascination of liquid helium itself 
derives from phenomena that occur 
when its temperature is reduced to 2.19 
degrees K. Picture a dewar of freshly 
made lirpiid helium inside a dewar of 
liquid air. There .arc narrow vertical 
slits of unsilvered glass on both dewars, 
and when they are turned to coincide, a 
window is formed through which the 
experimenter observes the liquid. Both 
the liquirl air and the liquid helium, 
frigid though they be. arc boiling just 
as water boils in a teakettle at .373.1 tle- 
grecs K. The air bubbles are huge; the 
helium bubbles are small. The outside 
<lewar of liquid air is vented, keeping 
It safely at atmospheric pressure. The 
inside dewar of lituiid helium is con¬ 
nected to a vacuum line which draws off 
the vapor so that the remaining liquid 
will gel still cokler. 

As th 9 helium re.iches 2.19 degrees, 
the boiling seems suddenly to slop. The 
surf.ice is as smooth as gl.iss, althougli 
jellvlikc ripples may run across it. Its 
temperature continues to drop. Vapor 
is still formed and <lr.»wn awav. but it 
escapes without notice.ibly ruflling tlie 
surface. The helium has evidently en¬ 
tered a new slate. Because of many 
other curious proj'crtics. it lias been 
given the name helium II. 

Is it still a lujuid’:' l.iquids have vis¬ 
cosity, and in some respects helium II 
has none. It Hosss through the n.iirowesl 
of orifices. Low-teinper.iture workers 
were aiuioved hv the difficultv of mak- 

* t * 

itig leakproof containers for it until thev 
realized that tfiis was demonstrating a 
new kind of .natter. 

Is it a gas? Ilehnni II atoms are more 
moliile tljaii the atoms and inoleeule.s of 
gases. But thev ohev the law of gravity 


as a liquid does, remaining at the bot¬ 
tom of containers. They also form a sur¬ 
face which will seek its own level more 
diligently than water. 

Is it a solid? One would expect that 
if a substance liquefies at 4.2 degrees 
and undergoes another change of state 
at 2.19 degrees, the second change 
would be freezing. In fact, when this 
state was discovered there were attempts 
to show that it was some kind of crystal¬ 
line anay. There is no solid as agile as 
helium II; it flows, pours or dances 
through the narrowest crevice. Besides, 
there is a solid helium. While it cannot 
be obtained under atmospheric pres¬ 
sure with the lowest temperatures yet 
reached, it has been obtained by build¬ 
ing up the pressure to 25 times that of 
the atmosphere. 

Physicists have worked out a diagram 
of the states of cold helium that may be 
seen at tlie top of page 36. Because the 
intersection Oi two of the lines on the 

S h is reminiscent of the shape of a 
tly tilted Creek letter X, or lambda, 
cryogenics has adopted the term lamb¬ 
da point’’ for the transition to helium II. 

If the journey past the lambda point 
does not take us to a solid, a liquid, or 
a gas. what is helium II? Physicists have 
been driven to calling it “the fourth state 
of matter.” Some of them describe it as 
“the quantum fluid,” of which more 
later. The phenomena that urgently re¬ 
quire explanation arc “the creeping 
film,” “the fountain effect” and “second 
sound ” 

Let us begin with the case of the 
creeping film. If the bottom of a small 
vessel is placed in helium II, an unlikely 
thing happens. The liquid helium climb.s 
up the sides of the vessel and fills it 
to the same level as the surrounding sur¬ 
face. If the vessel is then lifted, the 
helium climbs buck over the edge and 
down to the surface again. Water or any 
other well-behaved li<)ui<l will, of course, 
find its level but such liquids need a pipe 
or a primed siphon, in some peculiar 
wav helium 11 gets around on its own. 

the fountain effect occurs when a ves¬ 
sel which narrows to fine tubes at top 
and bottom is lowered into helium 11, 
Sometimes the bottom of the tube is 
filled with finely ground powder. Helium 
11 infiltrates the lower tube with case. If 
the vessel is then wanned by light, 
helium will spurt through the upper txibe 
in a spectacular fountain- 

Seixind sound is rel.ited to the fact 
that helium 11 is a superlative conductor 
of heat. Warm one erul of a vessel, and 
a pulse of he.it will be tpiickU conveyed 
to the other eiul 't'his phenomenon 
riiiglit lx> described as a heat wave 
propagated quickly through the coldest 
kind of matter. Deeause it is analogous 
to the pressure waves of sound, the Hus- 
sian physicists who first discovere<l the 
phenomenon in Mos<x>w near the end of 
the war called it seexind sound. Its ex¬ 


istence, which had been predicted by 
both Russian and American physicists, 
was soon confirmed by Lane at Yale. 
The phenomenon is now being studied 
intensively in many laboratories. Pellam, 
for example, sends pulses of heat 
through helium II at different tempera¬ 
tures. and by electronic methods has 
displayed the lapse of time between the 
transmitted and received temperature 
signal on a cathode-rav tube. 

In cryogenics, unlite other branches 
of physics, there appears to be a free 
exenange of information .among nations. 
U.S. low-temperature workers keep a 
close watch on the Russian journals. A 
typical U.S. paper in low-temperature 
physics will bear footnote references to 
"J. Phys. U.S.S.R.," citing the theories 
and experiments of Kapitza, Landau, 
Peshkov and Andronikasvilli. In this 
coldest of all scientific disciplines, the 
cold war is directed against the secrets 
of nature. 

One of the most revealing eccentrici¬ 
ties of helium il was predicted by Lan¬ 
dau and in 1946 was observed by 
Andronikasvilli. His experiment was to 
rotate a vessel of chilled helium and to 
measure its inertia. As the temperature 
dropped below the lambda point, the 
vessels resistance to acceleration rapidly 
decreased. The only explanation was 
that a considerable numl>cr of the atoms 
in the helium II were not participating 
in the rotation. This component, as Col¬ 
lins puts it in a recent survey, “docs not 
take part in the rotary motion, but glides 
through the interpenetrating atmosphere 
of normal helium atoms without fric¬ 
tion.” It is as though a man in a tightly 
packed crowd could remain motionless 
while the crowd surced past him. 

What is the expanation for these 
strange occurrences in helium II? Phys¬ 
icists have adopted the concept that, 
even at a degree or two above absolute 
zero, an increasing proportion of the 
helium atoms drop to a “zero energy 
state.” It is here that tht concept of the 
quantum fluid is necessary. Tlie quan¬ 
tum theory states that the energy of an 
atom cannot be gained or lost continu¬ 
ously but must come in certain pre¬ 
scribed amounts. A graph showing the 
loss of energy with temperature would 
l)C a series ot steps rather than a smooth 
curx'e. At ordinary temperatures the steps 
are so small in proportion to the total 
thermal energy that the individual atom¬ 
ic quanta do not mar the smoothness of 
the curve. At a degree or so above abso¬ 
lute zero, however, we are on the last 
few steps from the bottom of the stair¬ 
case. If more energy is withdrawn, it is 
no longer possible for all of the atoms 
to shift to K)wer levels while maintain¬ 
ing a normal ''probability distribution.” 
Some of the atoms on step next to 
the bottom will lose all their remaining 
thermal energ)' with the emission of a 
single quantum. They will drop to the 



LIQUEFACTION of air was accomplished in early ap¬ 
paratus (A) by compressing it to 150 atmospheres, al¬ 
lowing it to expand through a nozzle, and circulating 
the gas thus cooled around the incoming gas. The latter 


was then made progressively colder until it liquefied. 
Lower temperatures of liquid hydrogen and helium 
were attained by the same means (B and C) except that 
gaswas circulated through another gas already liquefied. 



LIQUID HELIUM behaves strangely when it is cooled 
to 2.19 degrees K. If a vessel is lowered into it (A), the 
helium climbs in. If the vessel is lifted out of it (B), the 
helium climbs out. The speed with which this film 


travels may be measured by timing its arrival at the top 
wire on a glass bulb (C). If helium is allowed to enter 
a fine tube at the bottom of another vessel (D), it will 
spurt from the tube at the top when light is shined on it. 
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PHASE DIAGRAM of holiuni shows ihc relationship of helium II to the 
usual three phases of an element: pas, lic|uid and solid. The transition from 
helium I to helium II is called the lamhda point because the intersection of 
line All witli others is roughly comparable to the Greek letter or lambda. 



EST TEMPERA'rPRES are attained by suspending a certain salt in a 
( ontainer of liquid helium between the poles of a magnet. Helium pas is first 
allowed into vacuum chainher to cool salt. Gas is removed and salt is 
furtlter cooled when magnet lines ii|> molecules and stills thermal motion. 


^'ground stale,** while the others remain 
one, two, or more steps up. 

These ground*statc atoms are pre¬ 
sumably responsible for the many foioles 
of helium II. The colder the helium, the 
more of its atoms will be in the ground 
state. Thus there is a mixture of two 
fluids, a normal fluid and a '‘superfluid,” 
which do not interact with each other 
except that with the loss or gain of heat 
an atom can go from one state to the 
other. 

The ground-state or superfluid atoms 
are believed to remain aloof when a ves¬ 
sel of helium II is rotated. It is they 
that find their way through the narrow¬ 
est crevices, that creep up the walls of 
containers. The fountain effect may 
occur on a one-way street policed by a 
kind of quantum traffic cop. The ground- 
slate atoms proceed through the narrow 
channel, and at the far end are warmed 
by an outside source of energy. This 
raises them to a normal state in which 
they cannot get back through the nar¬ 
row entrance. Meanwhile more ground- 
state atoms are coming in, with the re¬ 
sult that enough pressure might be built 
up to create a fountain. 

Second sound is likewise explained by 
the transformation of ground-state atoms 
outward from the source of heat in a sort 
of wave front. The ground-state atoms 
move back to replace those that have 
been healed. Then they slide through 
the normal atoms without friction. 

These are the somewhat crude visuali¬ 
zations of a theory b»'\scd on quantum- 
mechanical mathematics. The theory 
was derived by Laszlo Tisza of M.I.T. 
and Fritz London of Duke University 
from a mathematical generalization of 
Albert Einstein and the Indian physicist 
S. N. Bose. The “Bose-Einstein sta¬ 
tistics,” the explanation of which is be¬ 
yond the scope of this article, were 
expected to apply to the abundant iso¬ 
tope of helium which has an atomic 
weight of 4, but not to the rare isotope 
which.has an atomic weight of 3. Tne 
theorists predicted that if a supply of 
Hc^ became available, it would not en¬ 
ter the quantum-fluid condition at low 
temperature. In other words, experimen¬ 
talists could expect rlo He^ II. 

Several groups have therefore at¬ 
tempted to achieve the separation of 
helium 3 by means of the fountain effect 
and similar processes depending on 
superfluidity. At Ohio State and Yale a 
concentration of helium 3 was obtained 
by utilizing the fact that it did not act 
as a superfluid below the lambda-point 
temperature for ordinary helium. 

Meanwhile the powerful devices at 
the disposal of the Atomic Energy Com¬ 
mission were put to work on the prob¬ 
lem. In the nuclear reactor, hydrogen 3, 
or tritium, was l>eing made by trans¬ 
mutation. As it decayed by radioactivity 
it turned into helium 3. With this first 
pure supply of the rare helium isotope, 
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the customary tests for a superfluid were 
re-enacted. 

Before revealing the denouement to 
those readers who did not read it in The 
Physical Review or in the reports which 
appeared in some newspapers and maga- 
zinesv the suspense may oe heightened 
by pointing out that this was to be the 
crucial test of the London-Tisza, or 
**American," theory of superfluidity as 
opposed to that or Landau in Moscow. 
Both theories had accounted in different 
ways for phenomena observed up to that 
time, and both had scored successful 
predictions of earlier experimental re> 
suits. 

As recendy as August of last year 
Tisza, writing in Physics Today, said: 
'^If the Bose-Einstein statistics is essen¬ 
tial for the superfluidity of the abundant 
isotope then He^ should be not 
superfluid. . . . On the other hand, ac¬ 
cording to the other theories, no essen¬ 
tial difference can be expected for the 
two isotopes.” 

Tisza concluded: *lf the separation of 
He^ in sizable amounts is indeed pos¬ 
sible, the study of this substance would 
be of considerable interest. It would be 
the only case where two stable isotopes 
have radically different properties. It 
seems very lively that He^ cannot exist 
in the liquid state at all. Such a liquid 
should have a vanishing dynamic vis¬ 
cosity and a high kinetic viscosity. 
Either we will have a liquid of entirely 
unheard-of properties, or the system will 
avoid the dilemma of the large and small 
viscosities by not liquefying at all, but 
will either freeze or rather stay a gas at 
vanishing pressure and temperature. It 
is to be hoped that the experimental 
decision of this question will be forth¬ 
coming before long.” 

The experiments decision came from 
the laboratories of the AEC at Los Ala¬ 
mos in January, 1949. S. C. Sydoriak, 
E. R. Crilly and E. F. Hammel showed 
that helium 3 does become a liquid, at 
3.2 degrees. In March, however, D. W. 
Osborne, B. Weinstock and B. M. Abra¬ 
ham of the Argonne National Laboratory 
announced that helium 3 docs not pass 
over to a superfluid in the same manner 
as helium 4, even when it is cooled to 
1.05 degrees. Thus the principal London- 
Tisza prediction of the differences be¬ 
tween the two isotopes was borne out. 
Tisza's further prediction that helium 3 
would not liquefy at all was obviously 
not. Whether liquid helium 3 will have 
‘'entirely unheard-of properties," open¬ 
ing a new vista of resear<m iis absorDing 
as that of He^ II, remains to be seen. The 
wide range of possibilities that Tisza per¬ 
mitted himself to suggest in advance of 
the experiment is a good index of the 
superfluid state of low-temperature 
physics. Almost anything can happen 
when helium 3 is made still coluer. 
Workers outside the AEC arc eagerly 
waiting their chance to try it, meanwhile 


exploiting the proved difference between 
the two isotopes to do some more effi¬ 
cient concentration by the thermal 
methods available to them. Meanwhile 
the astonishing disparity betxveen two 
substances which differ only by a single 
neutron in the nucleus will give the nu¬ 
clear physicists something to ponder. 

Superconductivity 

Perhaps the most impressive of all 
phenomena at temperatures within a 
tew degrees of absolute zero, and cer¬ 
tainly the most intriguing from the prac¬ 
tical engineers point of view, is the 
conversion of certain metals into super¬ 
conductors. At a particular temperature, 
which is different for each of the metals 
involved, a wire will lose all measurable 
resistance to the flow of electric current, 
and a sheet or disc will become an effi¬ 
cient screen against magnetism. 

The fact that electrical resistance 
drops with falling temperature is no sur¬ 
prise. The resistance of a wire is gen¬ 
erally proportional to its temperature; 
the filament of an electric light Dulb will 
allow more current to enter when it is 
first switched on than after it becomes 
incandescent. This effect is put to 
work in electric-resistance thermometers, 
which have been standardized for both 
high and low temperatures. On this prin¬ 
ciple, the resistance of a wire should fall 
to zero at absolute zero, and the rate of 
decrease should be gradual as the tem¬ 
perature drops. This is what happens 
with the best of normal-temperature con¬ 
ductors: copper and silver. 

In the case of many other metals, in¬ 
cluding some which are poor conductors 
at ordinary temperatures, resistance 
vanishes completely at a transition point 
from a fraction of a degree to several 
degrees above absolute zero. In these 
materials, which include mercury, tin 
and lead, a current once started will con¬ 
tinue to flow practically forever unless 
something is done to destroy the super¬ 
conducting condition. 

The phenomenon is not entirely new. 
Kamerlingh Onnes discovered it in 1911 
when he attempted to explore the lower 
end of the temperature-resistance curve. 
He tested solidified mercury in a bath of 
liquefied helium. Down to 4.3 degrees 
the mercury's resistance steadily de¬ 
creased, as expected, to about one five- 
hundredth its value at the freezing point 
of water. Then it suddenly dropped to 
less than a millionth of the normal value. 
Further research has shown that the 
purer the metal, the more completely 
and quickly does its resistance vanish. 

The metallic superconductors since 
identified, in addition to mercury, tin 
and lead, include aluminum, zinc, thal¬ 
lium, indium, tantalum, gallium, thori¬ 
um, titanium, columbium, vanadium, 
cadmium, zirconium, hafnium and 
lanthanum. Columbium, it was found in 


1930, reaches superconductivity at the 
relatively high temperature of 9.22 
above absolute zero. 

Naturally such discoveries stirred the 
hope that superconductivity might be 
applied to reduce the huge problems of 
electric-power distribution which may 
be traced simply to electrical resistance. 
Efforts were made to find alloys and 
compounds in which the transition point 
would be nearer to practical tempera¬ 
tures. It was disappointing that most 
alloys showed a transition temperature 
even lower than those of their corv- 
stituent elements. The greatest advance 
in transition temperature was scored 
with nitrides, carbides and borides of 
metals. The most successful of these is 
columbium nitride, which becomes a 
superconductor at around 15 degrees. 
This temperature does not necessarily 
require the use of liquid helium; it can 
be obtained with hydrogen boiling under 
reduced pressure. 

Colurnbium nitride is being studied 
intensively at Columbia University and 
at Johns Hopkins University. During 
the war Donald H. Andrews of Johns 
Hopkins cleverly applied the properties 
of the transition state to make an ex¬ 
tremely sensitive detector of infnired 
radiation. In u substance just on the 
borderline bet\veen the superconducting 
and non-superconducting condition, a 
slight change of temperature will cause 
an enormous change in electrical re¬ 
sistance. The on-the-verge material is 
also extremely sensitive to other outside 
influences of an electromagnetic nature, 
as was discovered when the Johns Hop¬ 
kins superconducting bolometer began 
pouring music from a nearby radio sta¬ 
tion through its amplification system. 
The columbium nitriae had acted as a 
detector of radio waves. It will also de¬ 
tect alph a rays, and steps have been 
taken to develop an extremely sensitive 
alpha detector. 

The ability to detect or rectify an 
alternating current at low temperatures 
is not confined to columbium nitride. 
F. G. Dunnington and Bem;ud Serin of 
Rutgers University have subjected a 
helium-chilled tin wire to a combination 
ol direct and alternating current which 
sweeps it in and out of the superconduct¬ 
ing state as often as the alternating 
current reverses itself. At Yale, Amherst 
College and elsewhere, currents of as¬ 
sorted frequencies. including the micro¬ 
waves that have been inherited from 
radar, are being employed to e.vplore 
the mechanism of superconductivit\*. 

The key to the situation appears to be 
magnetism. Probably the most rigorous 
definition of a superconductor is not its 
lack of resistance, but the fact that it 
is ‘'a perfect diamagnetic.” This means 
that, in direct contrast to a piece of 
soft iron, it rejects any attempt to im¬ 
pose a magnetic field upon it. Lines 
of force emanating from a nearby mag- 
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net or coil, which would be drawn in 
by iron, are pushed aside by a super¬ 
conductor and made to detour around it. 

Perhaps the most dramatic demonstra¬ 
tion of this property is the floating mag¬ 
net. If a permanent magnet is dropped 
in,to a dewar containing a lead plate 
immersed in liejuid helium, it will not 
fall to the plate. It remains suspended 
some distance above the superconduct¬ 
ing lead. Occasionally it darts from side 
to side, but it docs not come down. 

The invisible strings controlling this 
strange marionette show are magnetic 
lines of force around the superconduct¬ 
ing metal in the helium bath. The ap¬ 
proach of the magnet generates electric 
currents in the surface of the lead plate. 
The magnetic effect of these currents 
precisely neutralizes and opposes that 
of the magnet, which has made a mir¬ 
ror image of itself in the surface of the 
superconductor. 

Such curious powers arc limited. If 
the field of the magnet is strong enough. 

It will penetrate the chilled metal. This 
destroys superconductivity. The more 
the temperature drops lielow the transi¬ 
tion point, however, the more mag¬ 
netic force It takes to destroy super¬ 
conductivity. Another way of dtsnipling 
the superconductive state is to send a 
sufficiently strong current through the 
metal. This phenomenon is now inter¬ 
preted as the result of the current’s 
magnetic field. The lower the tempera¬ 
ture in relation to its transition point, 
the more current the superconductor 
will be able to superconduct. 

The most interesting demonstration of 
these characteristics occurs right at or 
)ust lielow the transition point. Here an 
intermediate state exists between super- 
coiiiluction anti normal resistance, in 
which the bal.ince c.in be swung one 
was or the other bv small amounts of 
< urrent It is here that some of the effects 
tiescribed e.irlier are achieved; the con¬ 
version of alternating current to direct, 
tlie tletection of alph.i radiation from a 
r.iilioactive atom, of infrared radiation 
from a warm bmlv. and of long- or short- 
w.ive electromagnetic radiation from a 
radio station. 

W'hat is the future of this department 
of low-temper.iturc plivsics? Its workers 
hi’hcve they can learn more about the 
c-sseiitial nature of electricitv and mag¬ 
netism. the Ixdiavior of whicli is in some 
w.iss simplified In tlie suppression of 
random thermal noise. They arc already 
hegmnmg to examine some lonc-estal)- 
hvhed notions in a different lignt. The 
surprising thing, says one cryogenics 
investigator, is not that metals at low 
temjM-ratures superixinduet, hut that 
those at ordinary temperatures do not. 

.\ir is a superconductor of raslio waves; 
glass is a superconductor of light, helium 
Ills, d boll..Ill of 11 IS a supercxiiuluelor of heat. Copi>cr 

wires at ordiii.irs' temperatures, though 
tliev inav he reeardeil as gixxl conduc- 
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tors by the engineer* are in a sense 
opaque to electrons. The flow of current 
is impeded by friction, a good thing for 
lighting an incandescent lamp* but a bad 
thing lor getting the current from the 
power plant to tne lamp. The trouble is 
that the moving electrons interact with 
their medium. When certain metals be¬ 
come sufficiently cold* the electrons stop 
interacting and become as free as the 
ground-state atoms of helium 11. To 
Utem the metal becomes transparent. 

Another view of superconduction is to 
think of every atom* in its own private 
sphere* as a superconductor. Electrons 
move in their orbits with no friction, 
much as the planets circle the sim with 
no resistance in the vacuum of space. 
In its own atomic orbit* there is nothing 
to stand in the electron's way. A super* 
conducting piece of metal can be con¬ 
sidered the joining of countless atoms in 
such a manner that each electron finds a 
superorbit* with the rules of quantum 
mechanics barring any other particle 
from trespassing upon its right of way. 

The Lowest Temperatures 


While scores of physicists are explor¬ 
ing superconductivity and'helium II* 
extending the work of those who at¬ 
tained the temperatures of liquid helium* 
others are venturing into the remote 
region between zero and 1 degree K. In 
the approach to absolute zero, nature's 
opposition is fierce. A formidable tech¬ 
nique must be brought into play: adia¬ 
batic demagnetization. 

This remarkable procedure was sug¬ 
gested independently in 1926 by Peter 
J. W. Debye, now head of the Cornell 
University chemistry department and no 
longer a worker in cryogenics, and W. F. 
Ciauque* whose elegantly equipped 
laboratory at the University of California 
was the headquarters of tne semiannual 
coixference oi ONR cryogenics con¬ 
tractors in February. Ciauque and 
W. T. dc Haas of Leiden perfected the 
metnod, and now most of the cryogenic 
laboratories are already using or building 
or planning the magnetic apparatus for 
getting below 1 degree K. 

The method is skillfully based upon a 
special kind of thermal chaos: the ran¬ 
dom arrangement of the magnetic poles 
of individual molecules in substances 
known as paramagnetic salts. The mole¬ 
cules of most substances are magnetical¬ 
ly neutral. In those we are ^out to 
consider* such as iron ammonium alum* 
each molecule has one spinning electron 
which is not magnetically canceled out 
by other electrons in the same molecule. 
Under ordinary conditions, these molec¬ 
ular magnets are distributed in such a 


way that* on the large scale* they do 
cancel each other out. A handful of the 
salt will thus exhibit no inherent mag¬ 
netism to an outside observer. If an out¬ 
side magnetic field is applied, however, 
the molecules will tend to line up like 
tiny compass needles. The regimenta¬ 
tion* being the antithesis of thermal 
chaos* squeezes some of the heat con¬ 
tent out of the salt. 

This may seem abstruse and remote* 
but the laboratory practice can be re¬ 
duced to a proc^ure not unlike that 
outlined in a cookbook. Put a pinch of 
the salt, of as much as a pound of it* in 
the bottom of a dewar. Pour liquid 
helium over it* perhaps a quart per 
pound. Allow to cool by boiling the 
helium at lower and lower pressure, re¬ 
moving its vapor with a vacuum pump. 
Observe the lambda-point transition to 
helium II. Keep the vacuum pump going 
until the temperature drops to 1 degree. 
Now apply a strong magnetic field. 
Allow time for the molecules to become 
fixed along the direction of the lines of 
force, and for the helium II to remove 
the heat. Remove the magnetic field. 
Observe the drop in temperahtre. 
Repeat. 


alumnus of Collins* laboratory at M.I.T., 
expects to cool as much as a quart of 
hel ium to .01 degrees absolute when the 
Naval Research Laboratory apparatus 
gets going on a full scale. 

One ot the things that happens at 
these temperatures is the formation, 
above the helium surface* of the world's 
most perfect vacuum. The vapor pres¬ 
sure of the helium drops so low that 
there is as much chance of an atom 
escaping into the space above the sur¬ 
face as there would be of a piece of iron 
boiling out of the structure of a building 
at room temperatxire. Air or anything else 
that possibly leaked into dewar 
would freeze solid. In the space just 
above helium close to absolute zero, 
there is just about absolute emptiness. 

In this cold, still realm, physicists are 
checking the basic concepts of thermo¬ 
dynamics that were set forth in the days 
wheti physics could only deal with the 
thermal chaos. They are giving a more 
direct physical meaning, in terms of 
atoms and their electrons and nuclei* to 
such statistically derived words as heat* 
entropy and temperature. They may 
emerge with a new definition and a more 
accurate localization of '"absolute zero.** 


The drop in temperature occurs in 
the final step of each such process. While 
in the regimented magnetic state* the 
salt has given out heat that the helium 
carries away. When the magnetic field 
is removed (usually by swinging the 
dewar away from the fixed pole pieces), 
the molecules "relax," turning in all di¬ 
rections. This brings a concomitant drop 
in temperature. The salt steeds heat 
energy to become disorderly, and this 
it absorbs from the helium; thus the 
helium-salt combmation cools off during 
demagnetization. 

Depending on the strength of the mag¬ 
netic field, me temperature can be re¬ 
duced to .1 degree, .01 degree and even 
.001 degree. Thus powerful magnets have 
been brought into cryogenic labora¬ 
tories, just as they have been brought 
into the laboratories of nuclear physics. 
The Naval Research Laboratory at this 
writing is installing a powerful electro¬ 
magnet with a field strength of 100,000 
gauss* known as the Bitter magnet be¬ 
cause it was originally designed for 
spectroscopic woric by Francis Bitter 
of M.I.T. The tiims or the magnetizing 
solenoid are thick copper straps which 
carry a current of thousands of amperes, 
are supplied with power by a 2*000- 
kilowatt generator* and must be cooled 
with a flow of 800 gallons of water per 
minute. If the cooling-water supply 
should fail, the copper would start ooil- 
ing in a few seconds. Wanen E. Henry* 
a physicist trained at Tuskegee Institute 
and the University of Chicago and an 


Already there are some who are not 
satisfied with the prospect of reaching 
.001 degrees K., which is the most to be 
expected from regimenting and relaxing 
the spin of electrons. They are looking 
ahead to using the last conceivable re¬ 
source; the magnetism of atomic nuclei. 
This* according to the theoreticians, of¬ 
fers the possibihty of temperatures that 
will not exceed absolute zero by more 
than a millionth of a degree. 

To this writer, the laboratory that 
best represents the varied prospects, 
abstruse and practical* of cryogenic 
research, is that of Ohio State Univer¬ 
sity. For the attainment of extremely low 
temperatures by electron demagnetiza¬ 
tion* a current-carrying coil is used to 
set up a magnetic oeld of 4,000 gauss. 
The coil is cooled by liquid nitrogen. 
This does not attain superconductivity* 
for which liquid-helium temperatures 
would be needed, but it does exploit 
the normal drop of electrical resistance 
with reduced temperature. Thus the 
lowest temperatures of an earlier era of 
cryogenic research abet the attainment 
of new depths; cryogenics lowers itself 
by its bootstraps. When workers in the 
field are asked if there is any possibility 
of ever using real superconductivity for 
the powerful electromagnets of cryo¬ 
genics and nuclear physics, they svill 
admit that it does not seem practical. 
But after a few moments meditation 
they are likely to remark: "Well, at Ohio 
State, you know* they’re using liquid 
nitrogen....” 
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MESONIC ATOMS 


by Sergio De Benedetti 

For brief instants mesonic atoms may spin tike electrons on orbits around 
atomic nuclei. The X-rays they emit» as they jump from orbit to 
orbit, may illuminate the nature of the nuclear binding forces. 


I n the half century since the atom was practically weightless atom composed the nature of these forces is the greatest 

opened up as a new world to explore, of an electron and a positron—a particle unsolved problem in atomic physics, the 

physicists have been busy taking it exactly like the electron except that its mesonic atom is an object of extraor* 

apart to see what it is made of. It has electric charge is positive instead of dinary interest. What does it tell us 

been a period of violent bombardment negative. The positronium atom is about the nucleus? 

and assault, and experimental work in an^ogous to the simplest ordinary atom, 

atomic physics has become popularly hydrogen, which consists of an electron Tet us begin by making an inspection 

knosvn as *"atom smashing.” But (he and a proton; we can consider that in ^ tour of the simplest ordinary atom, 

study of the atom is now entering a new positronium the positron takes the place hydrogen, under the expert guidance of 

phase. Nowadays atoms are so well un« of the proton. Niels Bohr, who gave us our first idea 

derstood that physicists can undertake to In this article we shall deal with an- of its structure. Entering the atom, we 
build as well as destroy them. Complete- other type of artificial atom in which we find its electron revolving around the 

ly artificial atoms have been forged from replace an electron with a meson. Here heavy positive nucleus, the proton, in a 

some of the newly discovered atomic the atom has an ordinary nucleus, con- circular orbit about (a hundred 

particles, and these serve as tools for sisting of protons and neutrons, but a millionth) of a centimeter in diameter, 

testing theories about the nature of the meson instead of an electron revolves in Dr. Bohr points out that if energy is 

atomic world. an orbit around (he nucleus. Mesons, as supplied to the atom, the electron may 

The first such atom to be made was is now well known, are middleweight leave this orbit (called the ground state) 

positronium (see Ultimate Atom,” particles (between the weight of an elec- and jump momentarily to an orbit 

by H. C. Corben and S. DeBenedct- Iron and a proton) which are believed to farther from the nucleus. There is a cer- 

ti; Scientific American, December, be connected in some way with the tain finite number of such orbits avail- 

1954]. Positronium is a short-lived, forces inside the atomic nucleus. Since able to the electron. It may travel in 

INFRAfieOiVlSlBlEj 

coio» 

ENERGY LINES 
ONE.RARTICIE ATOMS 

UNE SPECTRUM 


ELECTRONIC NEON 


MESONIC NEON 


ENERGY SPECTRA of eleclrooic and meionic atoms are com* Ironic neon occur at 100 limes the eleclron vollagc of hydrogen, 
pared here. The lop ihree bars locale the emission lines of hydro- Beeaose ibe pi meson is 210 times heavier than (he eleclron, the 

gen with respect to (he visible spectmm (fop) and (o the energy lines of mesonic neon are found al 210 times the electron voltage of 
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any one of these but is never permitted 
anywhere else within the atom. Soon 
after its leap to the higher orbit, the 
electron, being attracted by the positive 
charge of the nucleus, jumps back to the 
ground state, in one or more successive 
steps. Each jump releases energy which 
we see as light. A familiar example of 
this light emission is the tube us^ for 
luminous signs, where the atoms are ex* 
cited to higher orbits by an electric dis¬ 
charge. Every atom emits light of char¬ 
acteristic colors. If we analyze with a 
spectroscope the light of a tube contain¬ 
ing hydrogen atoms, we will see a series 
of sharp lines of different colors, each 
corresponding to an electronic jump. 

We now ask our guide what would 
happen if the electron of the hydrogen 
atom were replaced by a negatively 
charged meson. Dr. Bohr answers that 
the meson also will be permitted only 
certain orbits around the nucleus and 
will emit characteristic radiation at each 
jump. If the particle is a mu meson, 210 
times heavier than the electron, each of 
its orbits around the nucleus should be 
210 times smaller than the correspond¬ 
ing orbit of an electron, and the wave¬ 
length of the emitted radiation should be 
shorter in the same ratio. If the particle 
is a pi meson, 273 times heavier than the 
electron, the orbit and radiation wave¬ 
length will be reduced by the factor 273. 

This shortening of the wavelength 
takes the radiation out of the range of 
visible light and transfers it to the realm 
of X-rays. Unfortunately the emission 
from a mesonic hydrogen atom would be 
soft (i.e., nonpenetrating) X-rays, which 
are difficult to study. But a heavier 
mesonic atom will emit shorter-wave 
more energetic) X-rays. Let us 
take, for example, the case of neon, an 
atom containing 10 electrons. Its outer¬ 
most electronic orbit is about as large as 
the smallest orbit of hydrogen {10'^ of a 
centimeter in diameter). But its inner¬ 
most orbit is just 10 times smaller than 
that of hydrogen. Therefore the smallest 
orbit of a mu meson replacing an elec¬ 
tron in the neon atom would be not 210 
but 2,100 times smaller than that of the 
electron in the unexcited hydrogen atom. 
There is a corresponding reduction in 
the wavelength of the radiation emitted: 
the wavelengths of the radiations from 
the mesonic jumps of neon should be 
210 X 10 X 10 = 21,000 times smaller 
than those of normal hydrogen. We 
should have no difficulty in detecting 
X-ray emissions of this energy. 

TVTow that, with the guidance of Dr. 

^ Bohr, we have an idea of what to 
expect of mesonic atoms, let us see how 


well these predictions are borne out by 
experiments. The experiments require a 
synchrocyclotron, to produce beams of 
negative mesons, and an instrument in 
which the mesons are captured by atoms 
and the resulting X-ray emissions are 
recorded: such an instrument was built 
by Val Fitch and James Rainwater of 
Columbia University. The fast mesons 
emerging from the synchrocyclotron are 
slowed by passage through a block of 
solid matter; then, reduc^ to thermal 
speed (the ordinary speed of atoms^ 
motions), they enter the material whose 
atoms are to capture them [see photo¬ 
graph at bottom on page 50]. While 
wandering among these atoms, a meson 
feels the electrostatic attraction of an 
atom $ positive nucleus and is drawn in 
to the inner part of the atom, near the 
nucleus itself. It jumps from one orbit to 
the next and emits X-rays. The X-rays 
are registered by a scintillation counter, 
and their energy, or wavelength, is found 
by measuring the size of the pulses in 
the counter. 

The experiments were first conducted 
with mu mesons. In the case of relatively 
light atoms, such as neon or carbon, ev¬ 
erything went just as Bohr's theory had 
predicted. The wavelengths of the X- 
radiation from the mesonic jumps showed 
the expected ratio to the wavelengths of 
light during electronic jumps, as com¬ 
puted from the 210-fold difference in 
mass between the mu meson and the 
electron. But when it came to heavy 
atoms, this regular ratio disappeared. 
The X-rays emitted by a heavy mesonic 
atom turned out to be considerably less 
energetic than expected. 

What goes wrong? We begin to get 
some idea when we look at the dimen¬ 
sions with which we are dealing. Let us 
take the case of an atom of lead, which 
has 82 electrons. If we substitute a 
meson for one of these electrons, then 
according to Bohr s theory the innermost 
orbit of the meson should be 82 X 210 
times smaller than the diameter of the 
hydrogen atom: since the hydrogen dia¬ 
meter is 10*^ of a centimeter, the dia¬ 
meter of this orbit is 5.8 X 10*^^ of a 
centimeter. This is a small orbit indeed. 
Let us look up the diameter of the 
nucleus of the lead atom. In a table pre¬ 
pared before the experiments of Fitch 
and Rainwater we find that the diameter 
of the lead nucleus is given as 17 X 10*^^ 
of a centimeter. In short, the mesons 
orbit is less than half the size of this nu¬ 
cleus, so that according to our calcula¬ 
tion the meson should be revolving 
within the nucleus! 

Can this be possible? We have to con¬ 
clude that, although no such thing is 


/ 



MESONIC ORBITS ol varbon are shown 
here in rough approximation of their rela¬ 
tive disUncet from the nudeus of ihc atom 
At bottom. The heavy arc at top of the dia¬ 
gram locate! the innermost electron orbit. 
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INNERMOST MESONIC ORBITS of car- 
bon. i-opprr ami li’ad are 'hown here. The 
iiuflei are »Iiown in proporlion lo ^^*e. The 
iniicrmo»l orl.il of lead is inside ihc nuriciis. 



conceivable in normal atomic physics, 
it is a possibility in the case of a mesonic 
atom. While the nucleus of an atom is 
very dense, density does not necessarily 
mean opacity, and it is not excluded that 
the meson may travel freely Nvithin the 
nucleus. The idea of the impenetrability 
of matter is a macroscopic concept. At 
the atomic and subatomic level, any¬ 
thing can happen. 

And, indeed, it does. The mu meson 
actually circulates freely within the 
nucleus (though the pi meson, as we 
shall see. does not). It makes an enor¬ 
mous number of revolutions-millions of 
millions-within the nucleus of lead. But 
all this happens in a hundredth of a mil¬ 
lionth of a second, and the meson is then 
absorbed by the nuclear matter. Upon its 
absorption the mass of the meson is 
transformed into energy and the nucleus 
undergoes a violent explosion. 

From the wavelen^hs of the radia¬ 
tions emitted by mesonic atoms, Fitch 
and Rainwater were able to calculate the 
sizes of atomic nuclei. The computations 
are complex and we need not go into 
them here, but we can say a few words 
about the assumptions used. The nu¬ 
cleus is pictured as a cloud of charge- 
dense but nevertheless perfectly fluid, so 
that it opposes no resistance to the mo¬ 
tion of the meson. For the meson we 
must use a somewhat more refined model 
than the old theory of Bohr: it is neces¬ 
sary to take into account the uncertainty 
principle, according to which a particle 
cannot be localized as a point moving in 
a definite orbit but is spread out as if it 
were a diffuse, jelly-like object of finite 
extent. When the cloud and the jelly- 
together with a few more ingredients 
such as relativity- and a spin-are intro¬ 
duced in the Los Alamos electronic com¬ 
puter. out comes the result; the depend¬ 
ence of the wavelength of the X-rays on 
the size of the nucleus. 

About the only thing nuclear physi¬ 
cists thought they knew for sure con¬ 
cerning the nucleus of the atom was its 
size. But the experiments of Fitch and 
Rainwater proved that they were wrong 
even in that. According to their meas¬ 
urements, the nucleus of an atom is only 
about one half as large in volume as had 
been thought. This i.s the first very sig¬ 
nificant contribution of mesonic atoms to 
our knowledge of nuclei. 


will revolve peacefully in its orbit around 
the proton for the comparatively long 
time (on the atomic scale) of severtd 
microseconds; then it decays of its own 
accord into an electron and neutrinos, 
just as if the proton were not there at aU. 

On the other hand, a pi meson in such 
an atom barely reaches the lowest orbit 
before it is gobbled up by the proton. 

Its lifetime in the atom is a million times 
shorter than that of a mu meson. When 
the negative pi meson reacts with the 
positive proton, they neutralize each 
other’s electric charge and become neu¬ 
tral particles. 

In a heavier atom the phenomenon is 
even more spectacular. In neon the pi 
meson does not reach the lowest orbit: it 
is eaten up by the nucleus when it ar¬ 
rives at the next-to-lowest. The greedi¬ 
ness of nuclei for the pi meson is almost 
incredible. In a heavy atom such as lead 
-in which the mu meson can travel al¬ 
most undisturbed within the nucleus- 
the pi is captured when still in the fifth 
or sixth orbit away from the nucleus- 
orbits whose diameter is at least 10 times 
larger than the nucleus itself. The ex¬ 
perimental evidence for this behavior is 
the absence of the last X-ray lines. 

After a pi meson is captured by the 
nucleus, it disappears entirely. As in the 
case of the mu meson, its mass is trans¬ 
formed into energy: the nucleus explodes 
and breaks into many pieces. In a photo¬ 
graphic emulsion the pieces flying away 
leave a developable image in the char¬ 
acteristic form of a star. 

The fact that the nucleus captures the 
meson from a faraway orbit does not 
necessarily mean that they are brought 
together by a force of attraction. As we 
have mentioned before, the whole pic¬ 
ture of orbits is a convenient oversimpli¬ 
fication: the particle which in Bohrs 
theory is supposed to travel in an orbit 
is really smeared out over most of the 
atom, and in a sense it touches the 
nucleus. Thus no special forces are need¬ 
ed to get the meson to the nucleus. 


ME.-'ON STAR mused by disruption of an 
aJoni by a pritnury cosmic ray iippcata above 
eenUT. A pi nirfion truck* traced diagor\all' 
lo right, lerminatra in a a^condary liar. 


Tct us now SCO wliat results have been 
obtained with pi mesons. The pi 
meson, in wntrast to the mu* reacts with 
nuclear matter ver)' rapidly and much 
more violently. In a mesonic atom of 
hydrogen, for instance, the mu meson 


VT/^hat light can mesonic atoms throw 
” on our main problem—the forces 
that hold the protons and neutrons to¬ 
gether in the nucleus of ixn atom? Most 
nuclear physicists now believe that the 
key lo this puzzle lies in the pi meson 
(which goes under the name of nuclear 
glue** even in the daily press). It seems 
evident that there are strong forces, oth¬ 
er than electrostatic, between pi mesons 
and atomic nuclei. For one thing, a beam 
of pi mesons behaves differently from 
one of mu mesons when it bombards 
matter. The pi mesons will change their 
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direction and scatter much more than 
the mu: since the electric forces are the 
same in the two cases, the difference is 
attributed to specific nuclear forces act¬ 
ing on the pi meson. 

The scattering of pi mesons was first 
studied with some care by the late 
Enrico Fermi and his collaborators at the 
University of Chicago. One of the points 
they could not determine was the sign 
of the force: whether it was a force of 
attraction or repulsion. Now, with the 
mesonic atom, it has been possible to 
test this question. If the force is attrac¬ 
tive, we should expect the pi meson to 
be brought closer to the nucleus than if 


it were repulsive, and the issue should 
be decidable by examination of the 
wavelengths of X-ray emission. With 
this in mind, a careful measurement of 
the X-rays from pi-mesonic atoms was 
perform^ at the Carnegie Institute of 
Technology by Martin and Mary Steams 
Larry Leipuner and the author. The re¬ 
sults showed that the nuclear force on 
the pi meson is repulsive. This conclu¬ 
sion, which has since been verified by 
certain detailed features of the scatter¬ 
ing, need not upset our ideas about the 
nucleus itself. The forces between the 
neutron and the proton can still be at¬ 
tractive, and there k no danger that 


atomic nuclei will come apart! 

In spite of its obvious involvement, no 
quantitative relation between the be¬ 
havior of the pi meson and the nuclear 
forces proper has yet been found. Per¬ 
haps other mesons and new particles 

up have 

something to do with these forces. At 
any rate, the mesonic atom offers a new 
approach which is full of promise. As 
soon as sufficiently intense beams of the 
newer mesons (tau. k, etc.) become 
available from the bigger accelerators^ 
we may hope to build new atoms with 
them and perhaps learn more about the 
properties of the nucleus. 


which are continually turning 
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FIELD THEORY 


by Freeman J. Dyson 

The physics of the 19th century discovered ‘‘classical" fields; modern 
physics deals with quantum fields. What is the nature of these quantum 
fields, and what place do they occupy in our present view of reality? 


'"TT IS perhaps surprising that no new 
I meson was reported during the sym* 
posium» though almost a month had 
passed since a previous meeting of nu¬ 
clear physicists in Copenhagen.' 

This learned joke in the British journal 
Nature^ commenting on an international 
physics conference last summer, sums 
up very well the present chaotic situa¬ 
tion in theoretical physics. We have be¬ 
come accustomed during the last few 
years to the discovery of new particles. 
About 20 different kinds are now known. 
Everybody expects that many more will 
be discovered as experimental tech¬ 
niques are improved. Yet nobody has 
had any success in classifying the known 
particles, or in predicting the properties 
of unknown ones. Nobody understands 
why such and such particles exist, why 
they have the particular masses that are 
observed or why some of them strongly 
interact and some do not. 

How do the theoretical physicists 
spend their time, if they arc not able to 
attack the fundamental problem of the 
nature of elementary particles? Of what 
use can the existing atomic theories be. 
if they do not throw light on this basic 
problem? These awkward questions arc 
asked rather frequently when experi¬ 
mental and theoretical physicists come 
together. I shall try to answer them and 
to explain why we theoretical physicists 
believe that our theories are useful even 
though there is so much we do not 
understand. 

First it is nccessaiy to make one point 
clear: there is an omcial and generally 
accepted theory of elementary particles, 
known as the “quantum field theory." 
While theoretical physicists often dis¬ 
agree about the finer details of the 
thcoiy, and especially about the way in 
which it should be applied to practical 
problems, the great majority of them 
agree that the theory in its main features 
is correct. The minority who reject the 
theory, although led by the great names 
of Aloert Einstein and P. A. M. Dirac, 
do not yet have any workable alternative 
to put in its place. In this article I shall 


I talk about the concept of field. 
I mean specifically the concept as it is 
used in the present-day official quantum 
field theory . The majority believes that 


this concept is so useful and illuminat¬ 
ing that it will sufN'ive the changes and 
revolutions which the theory will in¬ 
evitably undergo in the future. Hence- 
fonvard I shall omit the phrase “in the 


NEUTRAL V-PARTICLES gase rise to the three V-shaped tracks in iIiia 
clouil-chanilier photograph by R. B. Leighton of the California Institute of 
Technology. Below the center of the photograph is the edge of a lea<l plate. 
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opinion of the majority" or "in my 
opinion," which strictly ought to stand 
at the beginning of every sentence. 

A Descriptive Theory 

It is important to make a second gen¬ 
eral remark about the theory at the out- 
set. This concerns the failure of the 
theoiy to give us an understanding of 
why the oLerved elementary particles 
exist and no others. The point is that the 
theors is in its nature descriptive and 
not explanatory. It describes how ele¬ 
mentary particles behave; it does not 
attempt to explain why they behave so. 
To draw an analogy from a familiar 
branch of science, the function of chem¬ 
istry as it existed before 1900 was to de¬ 
scribe precisely the properties of the 
chemical elements and their interactions. 
Chemistn- described how the elements 
behave; it did not try to explain why a 
particular set of elements, each with its 
p.irticuiar properties, exists. To answer 
the (juestion "whv,” completely new 
sciences were needed: atomic and nu¬ 
clear physics. Looking backward, it is 
now clear that igth-c-entur)' chemists 
were right to concentrate on the "how' 
and to ignore the "why.” They did not 
have the tools to begin to discuss intelli¬ 
gently the reasons for the individualities 
of the elements. They had to spend 
a hundred years building up a good 
t|uantitative descriptive theory before 
they could go further. And the result 
of tlreir labors-the classical science of 
chemistry-was not destroyed or super¬ 
seded by the later insight that atomic 
phvsics gave. 

The (piantvim field theory treats ele¬ 
mentary particles just as I9th-centnry 
chemists treated the elements. The 
theory starts from the existence of a 
spc'cificd list of elementary particles, 
with specified masses, spins, charges and 
specified interactions with one another. 
All these data arc put into the theory 
at the beginning. The purpose of the 
theory is simply to deduc-c from this in¬ 
formation what will happen if particle A 
is fired at particle B with a given veloc¬ 
ity. We are not yet sure whether the 
theory will be able to fulfill even this 
modest purpose completely. Many tech¬ 
nical difficulties have still to he over¬ 
come. One of the difficulties is that we 
do not yet have the complete li.sl of ele¬ 
mentary particles. Nevertheless the suc¬ 
cesses of the theory in describing experi¬ 
mental results have been striking. It 
seems likely that the theory in sometliing 
like its present form will describe ac- 
cur.iteh a verv wide range of possible 
i-xpcriments. This is the most that W'e 
would wisli to claim for it. 

Our jiistilic.ition ff>r c-onerntrating at- 
fciiti-*n so hc.ivilv on the existing theory, 
with its tn.iii) .irbitr.iry assumptions, is 
the bclKf that a working descriptive 
Iheors of elcmeiit.iry p.irticles must Ik- 


established before we can expect to 
reach a more complete understanding at 
a deeper level. The numerous attempts 
to by-pass the historical process, and to 
understand the elementary particles on 
the basis of general princiries without 
waiting for a descriptive theory, have 
been as unsuccessful as they were am¬ 
bitious. In fact, the more ambitious they 
are. the more unsuccessful. These at¬ 
tempts seem to be on a level xvilh the 
famous 19th-century attempts to explain 
atoms as “vortices in the ether. 

Classical Fields 

Physicists talk alwut two kinds of 
fields: classic.-il fields and <juantum 
fields. Actually we believe that all fields 
in nature arc cpiantum fields. A classical 
field is just a special large-scale mani- 
festation of a ([uantum field. But since 
classical fields were discovered first and 
are easier to understand, it is nece.ssary 
to say what we mean by a classical field 
first, and go on to talk about <pianh>m 
fields later. 

A cliissical field is a kind of tension or 
stress which can exist in empty space in 
the absence of matter. It reveals itself by 
producing forces, which act on any ma¬ 
terial objects that happen to lie in the 
space the field occupies. The standard 
examples of classical fields arc the elec- 
trie and magnetic fields, which push and 
pull electrically charged objects and 
magnetized objects respectively. Mi¬ 
chael Faraday discovered that these txvo 
fields also exert effects on each other. He 
found that a changing magnetic field 
produces electric forces (an effect now 
known as induction), and his finding 
made possible the development of prac¬ 
tical electric generators. Later the exact 
laws of behavior of electric and magnetic 
fields were formulated mathematically 
by James Clerk Maxwell. He found that 
in any space where a changing magnetic 
field exists, an electric field must exist 
also, and vice versa. In order to describe 
completely the stale of the fields in a 
given region of space, it is neccss;»ry to 
specify the strength and the direction of 
both the electric and magnetic fields at 
evciy point of the region separately. 
This is the characteristic mathematical 
properly of u classical field; it is an un¬ 
defined something which exists through- 
t)iit a volume of space and which is de- 
scril)cd bv sets of numbers, each set 
denoting the field strength and direction 
at a single point in the space. 

M;uwcll was the first to realize that 
electric and magnetic fields could exist 
not only near charges and magnets but 
;iIso in free space completely discon¬ 
nected from material objects. From his 
e<|u.iti<ins he deduct'd that in empty 
Np;ice such fields would travel with the 
velocity of light. Hentx- he made the 
eptich-making guess that light consists 
of traveling electromagnetic fields. We 


NAME I SYMBOL 


PHOTON 1 

Y 

GRAVITON 1 

G 1 

NEUTRINO 1 

V 1 

ELECTRON 1 

e 

POSITRON 1 

p 1 

POSITIVE MU MESON | 


NEGATIVE MU MESON | 

1 

NEUTRAL PI MESON I 

'FT® 1 

POSITIVE PI MESON | 

■TT'*' 1 

NEGATIVE PI MESON | 

Tf 

ZETA MESON? | 


NEUTRAL V-PARTICLE | 

v5 

TAU MESON 1 

T 1 

KAPPA MESON I 

K 1 

POSITIVE CHI MESON | 

x-^ 1 

NEGATIVE CHI MESON | 

X' 1 

PROTON 1 

p 

NEUTRON 1 

N 

NEUTRAL V-PARTlCLE 

V? 

POSITIVE V-PARTICLE? ' 

V+ 


CHART of the funilaiucnlal parti* 
clos lla^ boon revised since a similar 
chart appeared in this magazine for 


now know that his jjuess was correct, 
and wc arc oven able to manufacture 
traveling electromagnetic fields our* 
selves and use them for various pur¬ 
poses. These artificial traveling fields wc 
call radio. 

Another example of a classical field is 
the gravitational field. This has the 
special property that it acts on all mate¬ 
rial objects in a given region of space. It 
is vary difficult to exwriment with, be¬ 
cause the gravitational field produced by 
any object of convenient laboratory size 
is absurdly weak. For this reason we 
have never been able to detect any ef¬ 
fects of freely traveling gravitational 
waves, which presumably exist in the 
neighborhood of a rapidly oscillating 
mass. It is also impossible to measure 
any possible interactions of the gravita- 
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CHARGE I MASS 


SPIN 


STATISTICS 


LIFETIME (SKONDS) 


DECAY SCHEME 



2200 


BOSE-EINSTEIN 


BOSE-EINSTEIN 


FERMI-DIRAC 


fermi-dirac 


fermi-dirac 


fermi-dirac 


fermi-dirac 


BOSE-EINSTEIN 


BOSE-EINSTEIN 


BOSE-EINSTEIN 



BOSE-EINSTEIN 


FERMI-DIRAC 


FERMI-DIRAC 


FERMI-DIRAC 


STABLE 


STABLE 


STABLE 


STABLE 


STABLE 


2.1 X 10-4 


2.1 X 10-4 


10-14 


2.6 X 10-8 


2.6 X 10-8 


10-12 


10-10 


10-6 


750 


3X10-10 


10 “’ 




+ ~*p + 2v 


JJ.—> e + 2 V 


itO 2 Y 



lt- + V 


^-»7T + ? 


V? ^ Tr+ + Tt- + ? 





N-»P + e + V 


V? -> P + 1T- 


v+ p + 9 


J*o*^*^» 1952. Amon" the changes are the addition of 
the chi meectu and a second variety of neutral V*parti* 
cle. The particles are listed in the order of their mass. 


The existence of the zela meson and the positive V- 
pafticle is doubtful. The masses and the lifetimes of all 
the newer particles listed in the chart arc approximate. 


tional and electromagnetic fields. This is 
most unfortunate, and it is the main 
reason why we know so much less about 
gravitation than about the other fields. 

A Model of a Field 

What, then, is the picture we have in 
mind when we try to visualize a classical 
field? Characteristically, modem physi¬ 
cists do not seriously try to visualize the 
objects they discuss. In the 19th century 
ft was different. Then it seemed that the 
universe was built of solid mechanical 
objects, and that to understand an elec¬ 
tric field it was necessary to visualize the 
field as a mechanical stress in a material 
substance. It was possible, indeed, to 
v^Uze electric and magnetic fields in 
this way. To do so men imagined a mate¬ 


rial substance called the ether, which 
was supposed to fill the whole of space 
and carry the electric and magnetic 
stresses. But as the theory was de¬ 
veloped, the properties of the ether be¬ 
came more and more extraordinary and 
self-contradicto^. Einstein in 1905 fi¬ 
nally abandoned the ether and proposed 
a new and simple version of the Maxwell 
theory in which the ether was never 
once mentioned. Since 1905 the idea 
that everything in the universe should 
be visualized mechanically has gradual¬ 
ly become ridiculous. We now find that 
mechanical objects themselves are com- 
po^ of atoms held together by electric 
fields, and therefore it makes no sense to 

7 to explain the electric fields in terms 
mechanical modeb. 


It is still convenient sometimes to 


make a mental picture of an electric 
field. For example, we may think of it 
as a flowing liquid which fills a given 
space and which at each point has a cer¬ 
tain velocity (strength) and direction 
of flow. But nobody nowadays imagines 
that the liquid really exists or that it 
explains the behavior of the field. The 
flowing liquid is just a model—a con¬ 
venient way to express our knowledge 
about the field in concrete terms. It is a 
good model only so long as we remem¬ 
ber not to take it too seriously. We must 
not, for example. exMct that the etjua- 
tions of motions of the electric field will 
be the same as those of any self-respect¬ 
ing liquid. To a modem physicist the 
electric field is a fundamental concept 
which cannot be reduced to anything 
simpler. It is a unique something with a 













58 PHYSICAL SCIENCES 208 



CLASSICAL FIELD is sclicmatically acpiclcil as a series of concentric rings 
arounci a point. These rings might show the magnetic field around an elec 
trie current traveling along a wire perpendicular to the surface of this page. 


set of known properties, and that is all 
there is to it, This licing understood, the 
reader may safely think of the flowing 
li(|uid as a fairly accurate representation 
ol what we mean by a classical electric 
field. The electric and magnetic fields 
must then be pictured as two different 
li(|uids, both filling the whole of space, 
moving separately and interpenetrating 
each other freely. At each point there 
arc two velocities, representing the 
strengths of the elec-trie and magnetic 
eomponenls of the total electromagnetic 
field. 

It is characteristic of a classical field 
that Its strength at a given point varies 
smoolhlv as the point moves around in 
space. ThcTclore the li<iuid model must 
be imagined as an ideal lii|iiid. nut com¬ 
posed of atoms but filling all space uni- 
lonnlv and basing a well-defined veloc- 
it\ at every point. 

The new idea that Klnslein inlro- 
duce<! in 1905, .uul that killed the etlier. 
was the principle of relativity. This prin¬ 
ciple st.ites that the properties of empty 
vpaee are .ilw.ivs the same, regardless of 
llie veloeitN’ with which an experimenter 
is moving tlnoiigh it. Tims even if there 
is .1 material ether filling spaev, the ex- 
peciinenter is unable to measure the 
ci'loeity of himself relative to it, for all 
practie.il puiposes the ether is unob- 
servalile. .\11 fliat we can eeilainly say 
.iboiif it IS that il if does exist, it is of no 
inU rest Im tiv Our picture of the world 


becomes much simpler if we abandon 
the ether and speak only about electric 
and magnetic fitdds in empty space. 

Einstein made a complete theory of 
the classical electromagnetic field and its 
interactions with matter, using the prin¬ 
ciple of relativity a.s his starting point. 
Ill 1916 he extended the idea of relativ¬ 
ity to cxmslruct his theory of the classical 
gravitational field. These theories stand 
today substantially as Einstein left them. 

Tfie cl.-LSsical field theories of Einstein 
-electromagnetic and gravitational—to¬ 
gether give us a satisfactory explanation 
of ail large-scale physical phenomena. 
That is to say, they explain everything in 
the phvsicarworld that can be explained 
w itlimit bringing into view the fact that 
the world is built of elementary par¬ 
ticles. There is everx reason to believe 
that the classical fie)d theories are cor¬ 
rect so long as we are talking about 
objects much bigger and heavier than a 
single atom. Hut they fail completely to 
(leseribe the In-havior of individual 
atoms and particles. To understand the 
sm.ill-scale side of phssies, physicists 
h.ul to invent cpiantum mechanics and 
the idea of a ejuuntum field. 

Quantum Fields 

Unfortunately the cjuantum field is 
esen more difficult to visuali?^.' than the 
cl.issical field. The basic axiom of iju.m- 
tuTu mecbaiiks is the \ineertaiuty prin¬ 


ciple. This says that the more closelv we 
look at any object, the more the ooject 
is disturbed by our looking at it, and the 
less we can know about me subsequent 
state of the object. Another less p>recise 
way of expressing the same principle is 
this: All objects of atomic size fluctuate 
continually: they cannot maintain a 
precisely defined position for a finite 
length of time. Their quantum fluctua¬ 
tions are never precisely predictable, 
and the laws of quantum mechanics tell 
us only the statistical behavior of the 
fluctuations when averaged over a long 
time. The universal existence of these 
fluctuations, and the general correctness 
of the laws of quantum mechanics, have 
been verified by a wealth of experiments 
during the last 30 years. 

How do the quantum fluctuations af¬ 
fect the classical field? The answer is: 
not at all. The fluctuations are not ob- 
servable with any ordinary large-scale 
equipment, for they average out to pro¬ 
duce no effect on these instruments. 
Looked at with large-scale apparatus, 
the quantum field behaves exactly like a 
classical field. Only when we measure 
the effects of an electromagnetic field on 
a single atom do the quantum fluctua¬ 
tions of the field become noticeable. 

The physicists Willis Lamb and Rob¬ 
ert C. Retherford at Columbia Univer¬ 
sity have observed the effects of electro¬ 
magnetic fields on single hydrogen 
atoms with a piece of apparatus knoxvn 
to radar experts as a microwave cavity 
resonator (see “Radio Waves and Mat¬ 
ter.” by Harry M. Davis; Scientific 
American. September, 1948). Using the 
techni<iues of microwave spectroscopy, 
they were able to measure the effects of 
the fields with great accuracy. The effect 
of the rpiantum fluctuations, itself a 
small part of the total effect of the fields, 
was measured to an accuracy better than 
one part in a thousand, and within this 
margin of possible error the effect agreed 
with the conclusions of the quantum 
field theory. The Lamb-Rctherford ex¬ 
periment is the strongest evidence we 
have for believing that our picture of the 
quantum field is correct in detail. 

At the risk of making some profes¬ 
sional quantum theoreticians turn pale, 

I shall describe a mechanical model 
which may give some idea of the nature 
of a quantum field. Imagine the flowing 
liquid which served as a model for a 
classical electric field. But suppose that 
the flow, instead of being smooth, is 
turbulent, like the wake of an ocean 
liner. Superimposed on the steady aver¬ 
age motion there is a tremendous con¬ 
fusion of eddies, of all different sizes and 
overlapping and mingling with one an¬ 
other. In any small region of the liquid 
the velocity continually fluctuates, in a 
more or less random way. The smaller 
the region, the wilder and more rapid 
are the velocity fluctuations. In a real 
li<iuid these fluctuations arc finally lim¬ 
ited by two factors: (1) the viscosity, 
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or stickiness, of ihe U(]uid, which dumps 
out the turbulent motions, and (2) the 
atomic structure of the liquid, which 
sets a minimum size for the eddies, since 
it is meaningless to talk about eddies 
containing only a few atoms. In our 
model of the quantum field, however, we 
assume that neither of these factors 
operates. There is no dissipation of ener¬ 
gy by viscosity, or any minimum size 
of eddies. Consequently the velocity in 
a given region can continue to fluctuate 
without mminudon forever, and the 
fluctuations grow more and more intense 
without limit as the size of the region is 
reduced. 

The model does not describe correctlv 
the detailed quantum-mechanical prop¬ 
erties of a quantum field; no classical 
model can do that. But it docs seem to 
me to give a reasonably valid picture of 
the general appearance of the thing. In 
particular, the model makes clear that it 
is strictly meaningless to speak about the 
velocity of the uquid at any specific 
point. The fluctuations in the neighbor¬ 
hood of the point become infinitely large 
as the neighborhood becomes smaller, 
and so the velocity at the point itself has 
no meaning. The only quantities that 
have meaning are averaged velocities, 
taken over a given region of space and 
over a given time interval. This property 
of the model is a true representation of 
a property of a quantum field. The 
strength of a quantum field at a point 
can never be measured. The whole 
quantum field theory is a theory of the 
behavior of field strengths averaged over 
finite regions of space and time. 

The Particles Emerge 

Now comes the climax of the story. 
We have put into the theory of the quan¬ 
tum fielci two big ideas: the idea of 
quantum mechanics and the idea of rela¬ 
tivity. These two ideas force us to con¬ 
struct a mathematical theory which in 
its main lines is fixed; the only freedom 
left to us is in matters of detail. When 
we deduce the consequences of this 
mathematical theory, we find that a 
miracle has occurred: automatically 
there emerges a third big idea—that the 
world is built of elementary particles. 

This idea is a conse<iuence of the fact 
that in a quantum field energy can exist 
only in discrete units, which we call 

Q uanta. When we work out the theory of 
lese quanta in detail, we find that they 
have precisely the properties of the ele¬ 
mentary particles that we observe in the 
world around us. 

It is not possible, in an article such us 
this, to explain how the elementary par¬ 
ticles arise mathematically out of the 
fluctuations of a field. It cannot be 
understood by thinking about turbulent 
liquids or any classical model. All I can 
say here is that it happens. And it is the 
basic permanent reason for believing 
that the concept of a quantum field is a 


valid concept and will survive any 
changes that may later be made in mat¬ 
ters of detail. 

The picture of the world that we have 
finally reached is the foUovsing: Some 
10 or 20 qualitatively different quantum 
fields exist. Each fills the whole of space 
an^ has its own particular properties. 
There is nothing else except these fields; 
the whole of the material universe is 
built of them. Beriveen various pairs of 
the fields there are various kinds of in¬ 
teraction. Each field manifests itself as 
a hpe of elementary particle. The par¬ 
ticles of a given type are always com¬ 
pletely identical and indistinguishable. 
The number of particles of a given ripe 
is not fixed, for particles are conslantiv 
being created or annihilated or trans¬ 
muted into one another. The properties 
of the interactions determine the rules 
for creation and transmutation of par- 
tides. 

In this picture of the world the elec¬ 
tromagnetic field appears on an exactly 
equal footing with the other fields. The 
particle corresponding to it is the light 
quantum, or photon. The photon ap¬ 
pears to be different from other elemen¬ 
tary particles only because its laws of 
interaction make it especially easy to 
create and annihilate. So the photon ap¬ 
pears to be less permanent th.m. for 
example, the electron. But this is only 
a difference of degree; all particles, in¬ 
cluding the electron, can be rapidly an¬ 
nihilated under suitable conditions. 

The elementary particle correspond¬ 
ing to the gravitational field has been 
named the graviton. There can be little 
doubt that in a formal mathematical 
sense the graviton exists. However, no¬ 
body has ever observed an individual 
graviton. Because of the extreme weak¬ 
ness of the gravitational interaction, in 
pnictice only large masses pro<lucc ob¬ 
servable gravitational effects. In the ca.se 
of large masses, the number of gravitons 
involved in the interaction is very large, 
and the field behaves like a classical 
field. Con$C(]ucntly, many physicLsts be- 
licve that the individual graviton never 
will be observed. Whether the graviton 
has a real existence is one of the most 
important open questions in physics. 

The electromagnetic and gravitation¬ 
al fields have one essential property in 
common. They arc long-range fields 
which make their effects felt over great 
distances. This is connected with the 
fact that the photon and the graviton 
arc particles which have no rest-mass 
and always travel at a fixed velocity- 
the velocity of light. Almost all other 
fields in nature have a short range, less 
than the size of an atom, and their ef¬ 
fects cannot be felt beyond this distance. 
The short-range fields cannot be de¬ 
tected in a classical way by measuring 
their effects on large objects. They never 
behave like classical fields in any expe¬ 
rimental situation. This is why, for ex¬ 
ample, the field corresponding to the 


electron was never recognized as a field 
until the quantum field theory' was de¬ 
veloped. And even now the electron 
field seems more peculiar and foreign 
to us than the electromagnetic field. 
Fundamentally the two are very similar. 
The main difference between them is 
the short range of the electron field, 
which has the consequence that the elec¬ 
tron possesses a rest-mass and can travel 
with any velocity not exceeding the ve¬ 
locity of light. Niost of the other known 
particles—protons, neutrons, the manv 
varieties of mesons-also have a rest- 
mass and arc associated with short- 
range fields. 

Positive and Negative 

Perhaps the most spectacular success 
of the quantum field tlK*or\' is in its 
treatment of charged fields. .According 
to the theoiy, a quantum field mav or 
may not cany an electric charge. For 
example, the electron field carries a 
charge, while the electromagnetic field 
does not. The theoiy' automatically pre¬ 
dicts that any charged field must Ik* 
represented b\’ two type.s of particle, 
precisely alike in all respects extvpl that 
one has a positive charge and the other 
negative. The tlieoiy also predicts that 
under suitable conditions a pair of sucli 
particles, one positively and one nega- 
tivclv charged, can be created or annihi¬ 
lated together in a single event. .All these 
predictions of the thcoiy have been C'om* 
pletely confimicd in the case of the elec¬ 
tron field. There exists u particle, the 
I>ositron, which is exactly like ;ui elec¬ 
tron excx*pt that it has the opposite 
charge. It has also been pro\cd that 
there are at least two varieties of meson 
that exist in positive and negative forms. 
The thcoiy predicts that there should 
be an antiproton: a particle uegativeJv 
charged but othenvise ideutical with a 
proton. The autiproton has not vet Ihhui 
detected. It presents an outstanding 
challenge to experimental physicists to 
discover it, or to theoretical physicists to 
explain why it should not e\i>t. 

Even to a hardened theoretic.il physi¬ 
cist it remain.s peq>etuallv u.stonishing 
that our solid world of trees and stones 
can be built of (juantuTU fields and notli- 
ing else. The quantum field seems far 
too fluid aiul insubstantial to be tbi' 
basic stuff of the universe. Yet we have 
learned gradually to accept the fact that 
the laws of <|uantuni mechanics imj)ose 
their own peculiar rigidit>’ upon the 
fields (hey govern, a rigi<iitv which is 
alien to our intuitive cx>nceptions lint 
which nonetheless effectively liolds the 
earth in placx*. \W have learned to ap¬ 
ply. both to ourselves and to our sub¬ 
ject, the words of Robert Bridges: 

Our stahUity is hut hnhtncc, and 
our wisdom tics 

In masterful administration of the 
unforeseen. 
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ON THE GENERALIZED THEORY 

OF GRAVITATION 


by Albert Einstein 



An account of the extension of the 
general theory of relativity against its 
historical and philosophical background. 


T he editors of Sci¬ 
entific Ameri¬ 
can have asked 
me to write about 
my recent work 
wnich has just 
been published. It 
is a mathematical 
investigation con¬ 
cerning the foundations of field physics. 

Some readers may be puzzled: Didn't 
we learn all about the foundations of 
physics when we were still at school? 
The answer is "'yes" or "no," depending 
on the interpretation. We have Mcome 
acquainted with concepts and general 
relations that enable us to comprehend 
an immense range of experiences and 
make them accessible to mathematical 
treatment. In a certain sense these con¬ 
cepts and relations are probably even 
final. This is true; for example, of the 
laws of light redaction, of the relations 
of classical thermodynamics os far as 
it is based on the concepts of pressure, 
volume, temperahire, heat and work, 
and of the hypothesis of the non-exist¬ 
ence of a perpetual motion machine. 

What, then, impeb us to devise theory 
after theory? Why do we devise theories 
at all? The answer to the latter question 
is simply: Because we enjoy "compre¬ 
hending," I.e., reducing phenomena by 
the process of logic to something already 
known or (^parentlv) evident. New 
theories are first of all necessary when 
we encounter new facts which cannot be 
"explained" by existing theories. But this 
motivation for setting up new theories is, 
so to j^ak, trivial, imposed from with¬ 
out There is another, more subtle mo¬ 


tive of no less importance. This is the 
striving toward uj^cation and simpli- 
ficatiou of the premises of the theory as 
a whole (f.e., Mach's principle of econo¬ 
my, interpreted as a logicd principle). 

There exists a passion for compr^en- 
Sion, just os there exists a passion for 
music. That passion is rather common in 
children, but gets lost in most people 
later on. Without this passion, there 
would be neither mathematics nor natu¬ 
ral science. Time and again the passion 
for understanding has led to the illusion 
that man is able to comprehend the ob¬ 
jective world rationally, by pure thought, 
without any empirical foundations—in 
short, by metapnystes. I believe that 
every true theorist is a kind of tamed 
metaphysicist, no matter how pure a 
"positivist" he may fancy himself. The 
metaphysicist believes that the logically 
simple is also the real. The tamed meta¬ 
physicist believes that not all that is logi¬ 
cally simple is embodied in experienced 
reality, but that the totality of all sensory 
experience can be "comprehended" on 
the basis of a conceptual system built on 
premises of great simplicity. The skeptic 
will say that this is a "miracle creed.” 
Admittedly so, but it is a miracle creed 
which has been borne out to an amazing 
extent by the development of science. 

The rise of atomism is a good example. 
How may Leucippus have conceived 
this bold idea? When water freezes and 
becomes ice—apparently something en¬ 
tirely different from water-why is it that 
the thawing of the ice forms something 
which seems indistinguishable from the 
oririnal water? Leucippus is puzzled and 
looks for an "explanation." He is driven 


to the conclusion that in these transi¬ 
tions the "essence" of the thing has not 
changed at all. Maybe the thing consists 
of immutable particles and the change 
is only a change in their spatial arrange¬ 
ment. Could it not be that the same is 
true of all materia] objects which emerge 
again and again with nearly identical 
qualities? 

This idea is not entirely lost during the 
long hibernation of occidental thought. 
Two thousand years after Leucippus, 
Bernoulli wonders why gas exerts pres¬ 
sure onjthe walls of a container. Should 
this be "explained" by mutual repulsion 
of the parts of the gas. in the sense of 
Newtonian mechanics? This hypothesis 
appears absurd, for the gas pressure de¬ 
pends on the temperatxu-e, all other 
things being equal. To assume that the 
Newtonian forces of interaction depend 
on temperature is contrary to the spirit 
of Newtonian mechanics. Since Bernoul¬ 
li is aware of the concept of atomism, he 
is bound to conclude that the atoms (or 
molecules) collide with the walls of the 
container and in doing so exert pressure. 
After aU, one has to ossume that atoms 
are in motion; how else can one account 
for the varying temperature of gases? 

A simple mechanical consideration 
shows that this prcssiue depends only on 
the kinetic energy of the particles and 
on their density in space. This should 
have led the physicists of that age to the 
conclusion that heat consists in random 
motion of the atoms. Had they taken this 
consideration as seriously as it deserv'cd 
to be taken, the development of the theo¬ 
ry of heat—in particular the discovery of 
the equivalence of heat and mechanical 
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cnergy-would have been considerably 
facilitated. 

This example is meant to illustrate two 
things. The theoretical idea (atomism in 
(his case) does not arise apart from and 
independent of experience; nor can it be 
derived from experience by a purely 
logical procedure. It is produced by a 
creative act. Once a theoretical idea has 
been acquired, one does well to hold 
fast to it until it le;rds to an untenable 
conclusion. 



S FOR my latest 
theoretical work, 

I do not feel justi¬ 
fied in giving a 
detailed account 
of it before a wide 
group of readers 
interested in sci¬ 
ence. That should 
be done only with theories which have 
been adequately confirmed by experi¬ 
ence. So far it is primarily the sim¬ 
plicity of its premises and its intimate 
connection with what is already known 
(tiz.. the laws of the pure gravitational 
field) that speak in favor of the theory' 
to he discussed here. It may, however, 
be of interest (o a wide group of rc.nders 
to become ac<jiiaintcd with the train of 
thought which c.m lead to endeavors of 
such an extremely spceul.itive nature. 
Moreover, it will he shown wh.it kinds 
of difficulties are encountered and in 
what sense they have been overcome. 

In Newtonian physics the elementary 
theoretical cxiiiccpt on whicli the theoret¬ 
ical description of material bodies is 
based is the material point, or particle. 
Thus matter is considered « priori to be 
discontinuous. This makes it nccessars' 
to consider the .iction of material points 
on one another as “action at a ciistancc. 
Since tfu* latter c'oncept seems (|uitc con¬ 
trary to cver\'<lay experiericv. it is only 
natural tliat the contemporaries ol New- 
ton-aiul indeed Newton hirnself-found 
It difficult to acc'cpt. Owing to tlic almost 
miraculous succx*ss of tlie Newtonian 


system. howev«T. the succeeding genera¬ 
tions of physicists became used to the 
idea of action at a distanev. Any doubt 
was btiried for a limg time to c*<>mc. 

But when, m the secoiul half of the 
19th cxnlurv, the laws of elcctro<lynam- 
ics became known, it turned out that 
these laws cxmld not be satisf.ictorily in¬ 
corporated into the Newtonian system. 
It is f.iscinating to muse: \\'ould Fara¬ 
day havi* discovered tlie law of electro¬ 
magnetic induction if lie ha<l received a 
regular college e<lucatioir'' I’ncncum- 
l)ere<l bv tin’ tra<litional way ol tluiiking, 
he fell tliat tile mtriHUu tion ol the “field 
as an m<lc|)ondctil element ol reality 
helped luni to coordinate llie experi¬ 
mental f<Kls It was Maxwell who fully 
( ompreliended the signifu aiic-e of the 
field concept, he made the fundamental 
<!j.scovery that the hiws of electrody- 
na nies found their nalur.d expression in 
the diffcrc’Titial c<|uations for the electric 


and mafinetic fields. TTiese equations im¬ 
plied tne existence of waves, whose 
properties corresponded to those of light 
as far as they were known at that lime. 

This incorporation of optics into the 
theory of electromagnetism represents 
one of the greatest triumphs in the striv¬ 
ing towara unification of the founda¬ 
tions of physics; Maxwell achieved this 
unification by purely theoretical argu¬ 
ments. long before it was corroborated 
by Hertz* experimental work. The new 
insight made it possible to dispense with 
the hypothesis of action at a distance, at 
least in the realm of electromagnetic 
phenomena; the intermediary field now 
appeared as the only carrier of electro¬ 
magnetic interaction between bodies, 
and the field s behavior was completely 
determined by contiguous processes: ex¬ 
pressed by differential equations. 

Now a question arose: Since the field 
exists even in a vacuum, should one 
ceive of the field as a state of a “carrier/* 
or should it rather be endowed with an 
independent existence not reducible to 
anytning else? In other words, is there an 
“ether ’ which carries the field; the ether 
being considered in the undulatory state, 
for example, when it carries light waves? 

The question has a natural answer; 
Because one cannot dispense with the 
field conc'Opt. it is preferable not to in- 
trmlucc in addition a carrier with hypo¬ 
thetical properties. However, the path¬ 
finders who first recognized the indis¬ 
pensability of the field concept were still 
too strongly imbued xvith the mechanis¬ 
tic tradition of thought to accept unhesi¬ 
tatingly this simple point of view. But in 
the course of the following decades this 
view imperceptibly took hold. 

The introduction of the field as an 
elementary concept gave rise to an in¬ 
consistency of the theory as a whole. 
Maxwell's thcorx. although adequately 
describing the l>cliavior of electrically 
charged particles in their interaction 
with one another, does not explain the 
behavior of electrical densities, i.c., it 
does not provide a theory of the parti¬ 
cles themselves. They must therefore be 
treated as mass points on the basis of 
the old theory. The combination of the 
idea of a continuous field with that of 
material points dist'ontinuous in space 
appears incxnisistent. A consistent field 
theory rcf|uires cxintinuily of all elements 
of the theory, not only in time but also in 
space, and in all points of space. Hence 
the material particle lias no place as a 
luiidanumla! concx*pt in a field theory. 
Thus even apart from the fact that gravi- 
lalioii is not included. Maxwell’s electro¬ 
dynamics cannot be considered a com¬ 
plete theory. 

Maxwell’s e( pi a lions for empty space 
remain nncliangod if the spatial coordi¬ 
nates an<l the time are subjected to a par- 
licuhu kind of linear transformations— 
the Lorentz. transformations (“covari- 
,uux‘*’ with respect to Lorentz transfor¬ 
mations). Covariance also holds, of 
(X)ursc. for a transformation which is 


composed of hvo or more such transfor¬ 
mations; this is called the “group** prop¬ 
erty of Lorentz transformations. 

Maxwell's equations imply the “Lo¬ 
rentz group ” but the Lorentz does 

not imply Maxwell's equations. The Lo¬ 
rentz group may indeed be defined in¬ 
dependently of Maxwell's equations as 
a group of linear transformations which 
leave a particular value of the velocity— 
the velocity of light—invariant. Tltese 
transformations hold for the transition 
from one “inertial system** to another 
which is in uniform motion relative to 
the first. The most conspicuous novel 
property of this transformation group is 
that it does away xvith the absolute char¬ 
acter of the concept of simultaneity of 
events distant from each other in space. 
On this account it is to be expected that 
all equations of physics are covariant 
with respect to Lorentz transformations 
(special theory of relativity). Thus it 
came about that Maxwell's equations led 
to a heuristic principle valid far beyond 
the range of the applicability or even 
validity of the equations themselves. 

Special relativity has this in common 
with Newtonian mechanics: The laws of 
both theories are supposed to hold only 
with respect to certain coordinate sys¬ 
tems: those known as “inertial systems. 

An inertial system is a system in a state 
of motion such that “force-free*' material 
points within it arc not accelerated with 
respect to the coordinate system. How¬ 
ever, this definition is empty if there is 
no independent means for recognizing 
the absence of forces. But such a means 
of recognition does not exist if gravita¬ 
tion is considered as a “field.*' 

Let A be a system uniformly accele¬ 
rated with respect to an “inertial system** 

1. Material points, not accelerated with 
respect to I, arc accelerated with respect 
to A. the acceleration of all the points 
being equal in magnitude and direction. 
They behave as if a gravitational field 
exists with respect to A. for it is a charac¬ 
teristic property of the gravitational field 
that the acceleration is independent of 
the particular nature of the bwly. There 
is no reason to exclude the possibility of 
intcrjKcting this behavior as the effect 
of a “true** CTavitational field (princi- 
pic of eqtiivoicucc)• This interpretation 
implies that A is an ’'inertial system/* 
even though it is accelerated with re¬ 
spect to another inertial s)’stem. (It is 
essential for this argument that the intro¬ 
duction of independent gravitational 
fields is considered justified even though 
no masses generating the field are de¬ 
fined. Therefore, to Newton such an 
.irgument would not have appeared con¬ 
vincing.) Thus the concepts of inertial 
system, the law of inertia and the law of 
motion arc deprived of their concrete 
meaning-not only in classical mechanics 
but also in special relativity. Moreover, 
following up tliis train of thought, it 
tunis out that with respect to A time can¬ 
not be measured by identical clocks; in- 
dce<l. even the immediate physical signi- 
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ficance of coordinate differences is gen¬ 
erally lost In view of all these difficulties, 
should one not try, after all. to hold on to 
the concept of the inertial system, relin¬ 
quishing the attempt to explain the fun¬ 
damental character of the gravitational 
phenomena which mani.est themselves 
in the Newtonian system as the equiva¬ 
lence of inert and gravitational mass? 
Those who trust in the comprehensibili¬ 
ty of nature must ansNver: No. 


T his is the gist of 

the principle of 
equivalence: In 
order to account 
for the equality of 
inert and gravita¬ 
tional mass within 
the theory it is 
necessary to ad¬ 
mit non-lineat transformations of the 
four coordmales. That is, the group of 
Lorentz transformations and hence the 
set of the '‘permissible” coordinate sys¬ 
tems has to be extended. 

What group of coordinate transfor¬ 
mations can then be substituted for 
the group of Lorentz transformations? 
Mathematics suggests an answer which is 
based on the fundamental investigations 
of Gauss and Riemann: namely, that the 
appropriate substitute is the group of all 
continuous (analytical) transformations 
of the coordinates. Under these transfor¬ 
mations the only thing that remains in¬ 
variant is the fact that neighboring 
points have nearly the same coordinates; 
the coordinate system expresses only the 
topological order of the points in space 
(including its four-dimensional charac¬ 
ter). The equations expressing the laws 
of nature must be covariant with respect 
to all continuous transformations of the 
coordinates. This is the principle of gen¬ 
eral relativity. 

The procedure just described over¬ 
comes a deficiency in the foundations of 
mechanics which had already l)cen no¬ 
ticed by Newton and was criticized by 
Leibnitz and, two centuries later, by 
Mach: Inertia resists acceleration, but 
acceleration relative to what? Within the 
frame of classical mechanics the only 
answer is: Inertia resists acceleration 
relative to space. This is a physical prop¬ 
erty of space—space acts on objects, but 
objects do not act on space. Such is prob¬ 
ably the deeper meaning of Newtons 
assertion spatium est ahsolutum (space 
is absolute). But the idea disturbed 
some, in particular Leibnitz, who did not 
ascribe an independent existence to 
space but considered it merely a proper¬ 
ty of "things” (contiguity of physical 
objects). Had his justified doubts won 
out at that time, it hardly would have 
l>een a boon to physics, for the em¬ 
pirical and theoretical foundations nec 
essary to follow up his idea were not 
available in the 17tn century. 

According to general relativity, the 
concept of space detached from any 
physical content does not exist. Tlie phys- 
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ical reality of space is represented by a 
field whose components are continuous 
functions of four independent variables 
-the coordinates of space and time. It is 
just this particular kind of dependence 
that expresses the spatial character of 
physical reality 

Since the thedry of general relativity 
implies the representation of physical 
reality by a continuous field, the concept 
of particles or material points cannot 
play a fundamental part, nor can the 
concept of motion. The particle can only 
appear as a limited region in space in 
which the field strength or the energy 
density are p.irticularly high. 

A relativistic theory has to answer two 
cj^uestions: 1) What is the mathematical 
cWacter of the field? 2) What equa¬ 
tions hold for this field? 

Concerning the first question: From 
the mathematical point of view the field 
is essentially characterized by the way 
its components transform if a coordinate 
transformation is applied. Concerning 
the second question; The equations must 
determine the field to a sufficient extent 
while satisfying the postulates of gen¬ 
eral relativity. Whether or not this re¬ 
quirement can be satisfied depends on 
the choice of the field-type. 

The attempt to comprehend the cor¬ 
relations among the empirical data on 
the basis of such a highly abstract pro¬ 
gram may at first appear almost hope¬ 
less. The procedure amounts, in fact, to 
putting the question; What most simple 
proper^ can be required from what 
most simple object (field) while pre¬ 
serving the principle of geneml relativi¬ 
ty? Viewed from the standpoint of form¬ 
al logic, the dual character of the ques¬ 
tion appears calamitous, quite apart from 
the vagueness of the concept "simple." 
Moreover, from the standpoint of physics 
there is nothing to w.aiTant the assump¬ 
tion that a theory which is "logically 
simple" should also be "true." 

Yet every theory is speculative. When 
the basic concepts of a theory sue com¬ 
paratively "close to experience” (e.g.. 
the concepts of force, pressure, mass). its 
speculative character is not so easily 
discernible. If, however, a theory is 
such as to require the application of 
complicated logical processes in order to 
reach conclusions from the premises that 
can be confronted with observation, 
everybody l>ecomes conscious of the 
speculative nature of tlie theory. In such 
a case an almost irresistible feeling of 
aversion arises in people who .ire inex¬ 
perienced in epistemological analysis 
and who are unaware of the precarious 
nature of theoretical thinking in those 
fields with which they are familiar. 

On the other h.ind. it must be con¬ 
ceded that a theory has an important 
advantage if its basic concepts and fun¬ 
damental hypotheses are "close to expe¬ 
rience." and greater confidence in such 
a theory is certainly justified. There is 
less danger of going completely astray, 
particularly since it takes so much less 


time and effort to disprove such theories 
by experience. Yet more and more, as the 
depth of our knowledge increases, we 
must give up this advantage in our quest 
for logical simplicity and uniformity in 
the foundations of physical theory. It has 
to be admitted that general relativity has 
gone further than previous physical 
theories in reUnquishing "closeness to ex¬ 
perience” of fundamental concepts in 
order to attain logical simplicity. This 
holds already for the theory of grarita- 
tion, and it is even more true of the new 
generalization, which is an attempt to 
comprise the popertics of the total field. 
In the generalized theory the procedure 
of deriving from the premises of the 
theory conclusions that can be confront¬ 
ed with empirical data is so difficult that 
so far no such result has been obtained. 
In favor of this theory are, at this point, 
its logical simplicity and its “rigidity." 
Rimdity means here that the theory is 
either true or false, but not modifiable. 

T he greatest inner 

difficulty imped¬ 
ing the develop¬ 
ment of the theo¬ 
ry of relativity is 
tne dual nature of 
the problem, indi¬ 
cated by the two 
questions we have 
asked. This duality is the reason why the 
development of the theory has taken 
place in two steps so widely sep.arated 
in time. The first of these steps, the 
theory of CTavitation. is b.ased on the 
principle ofequivalence discussed above 
and rests on the following consideration; 
According to the theory of speci.il rela¬ 
tivity, light has a constant velocity of 
propagation. If a light ray in a vacuum 
starts from a point, designated by the co¬ 
ordinates X], Xj and X 3 in a three dimen¬ 
sional coordinate system, at the time x,. 
it spreads os a spherical wave and 
reaches a neighboring point (x,-l-dx,, 

X 2 + dx 2 . Xa + dxj) at the time x,-i-dx,. 
Introducing the velocity of light, c. we 
write the expression: 

+ dx;- + dx3-=cdx4 

This can also be %vritten in the form: 

dx,--l-dx2= + dx32—c^ dx,2=0 

This expression represents an objec¬ 
tive relation between neighboring space- 
time points in foiu dimensions, and it 
holds for all inertial sj-stems. provided 
the coordinate transformations are re¬ 
stricted to those of special rclativit)-. The 
relation loses this form, however, if ar¬ 
bitrary continuous transformations of the 
coordinates ;u'e admitted in accordance 
with the principle of general relaliviti-. 
The relation then assumes the more gen¬ 
eral form: 

t g„ dx, dxfc =0 
Ik 

The ga are certain functions of the coor- 
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dlnates which transform in a definite 
way if a continuous coordinate transfor¬ 
mation is applied. According to the prin¬ 
ciple of equivalence, these gi^ functions 
describe a particular kind of gravita¬ 
tional field: a field which can be ol^ 
tained by transformation of "field-free** 
space. Tne gft satisfy a particular law of 
transformation. Mathematically speak¬ 
ing, they arc the components of a 
"tensor** with a property of symmetry 
which is preserved in all transforma¬ 
tions; the symmetrical property is ex¬ 
pressed as follows: 

gik*gkl 

The idea suggests itself: May we not 
ascribe objective meaning to such a 
metrical tensor, even though the field 
cannot be obtained from the empty 
space of special relativity by a mere 
coordinate transformation? Although we 
cannot expect that such a symmetrical 
tensor will describe the most general 
field, it may well describe the particular 
case of the "pure gravitational field.** 
Thus it is evident what kind of field, at 
least for a special case, general relativity 
has to postulate: a symmetrical tensor 
field. 

Hence only the second question is 
left: What kind of general covariant 
field law can be postulated for a sym¬ 
metrical tensor field? 

This tjucstion has not been difficult to 
answer in our time, since the necessary 
mathematical conceptions were already 
at hand in the form of the metric theory 
of surfaces, created a century ago by 
Gauss and extended by Hiemann to 
manifolds of an arbitraiy' number of di¬ 
mensions. The result of this purely for¬ 
mal investigation has been amazing in 
many respects. The differeiitial enua- 
tion.s which can be p<istulated as field 
law for p,k cannot lie of lower tlian sec¬ 
ond order, i.c., they must at least contain 
the second derivatives of the gi^i with 
respect to the coordinates. Assuming that 
no higher than secxind derivatives appear 
in the field law. i/ is tnaihemaficQlltj de¬ 
termined hi/ the principle of {general 
relativity. The system of ecpiations can 
be written in the form: 

The H,k transform in the same manner 
as the gik, i c . they too form a symmetri¬ 
cal tensor. 

These <iilferential equations com¬ 
pletely replace the Newtonian theory of 
the motion of c'elestiai bodies provided 
the masses arc represented as singulari¬ 
ties of the field. In other words, they 
contain tlie law of forc'e as well as the 
law of motion while eliminating "inertial 
systems." 

The fact tliat the masses appear as 
singularities indicates that these masses 
themselves cannot l>o explained by sym- 
inetncMl g^k fields, of "gravitational 
fields." Not even the fact that only posi¬ 
tive gravitating masses exist can be de¬ 
duced from tins theory. Kvidentlv a com- 
picte relativistic field theory must l)e 
liascd on a field of more complex nature. 


that is, a generalization of the symmetri¬ 
cal tensor field. 

EFORE consider¬ 
ing such a gener¬ 
alization, two re¬ 
marks pertaining 
to gravitational 
theory are essen¬ 
tial for the expla¬ 
nation to follow. 
The first obser¬ 
vation is that the principle of general 
relativity imposes exceedingly strong re¬ 
strictions on the theoretical possibilities. 
Without this restrictive principle it 
would be practically impossible for any¬ 
body to hit on the gravitational equa¬ 
tions. not even by using the principle of 
special relativity, even though one 
knows that the field has to be described 
by a symmetrical tensor. No amount of 
collection of facts could lead to these 
equations unless the principle of general 
relativity were used. This is the reason 
why all attempts to obtain a deeper 
knowledge of the foundations of physics 
seem doomed to me unless the basic con¬ 
cepts are in accordance with general 
relativity from the beginning. This situa¬ 
tion makes it difficult to use our empiri¬ 
cal knowledge, however comprehensive, 
in looking for the fundamental concepts 
and relations of physics, and it forces us 
to apply free speculation to a much 
reatcr extent than is presently assumed 
y most physicists. I do not see any rea¬ 
son to assume that the heuristic signifi¬ 
cance of the principle of general relativ¬ 
ity is restricted to gravitation and that 
the rest of physics can be dealt with 
separately on the basis of special rela¬ 
tivity. with the hope that later on the 
whole may be fitted consistently into a 
general relativistic scheme. 1 do not 
think that such an attitude, although his¬ 
torically understandable, can be objec¬ 
tively justified. The comparative small¬ 
ness of what wc know today as gravita¬ 
tional cftects is not a conclusive reason 
for ignoring the principle of general rela- 
tivitv in theoretical investigations of a 
fun<iamenta) character. In other words, 

I do not believe that it is justifiable to 
ask: What would physics look like with¬ 
out gravitation? 

The second point we must note is that 
tlie equations of gravitation arc 10 differ¬ 
ential equations for the 10 components 
of the symmetrical tensor gtx* In the case 
of a non-general relativistic theory, a 
system is ordinarily not overdetermined 
if the number of equations is equal to 
the number of unknown functions. The 
manifold of solutions is .such that within 
the general solution a C'ertain number of 
functions of three variables can be 
chosen arbitrarily. For a general rela¬ 
tivistic theor\* this cannot be expected 
as a matter of course. Free choice with 
respect to the coordinate S)'Stcm implies 
that out of the 10 functions of a solu¬ 
tion, or components of the field, four 
can be made to assume prescribed values 



by a suitable choice of the coordinate 
system. In other words, the principle 
of general relativity implies that the 
number of functions to be determined 
by differential equations is not 10 but 
10—4=6. For these six functions only 
six independent differential equations 

be postulated. Only six out of the 10 
differential equations of the gravitation¬ 
al field ought to be independent of each 
other, while the remaining four must 
be connected to those six by means of 
four relations (identities). And indeed 
there exist among the left-hand sides, 
Rik, of the 10 gravitational equations four 
identities—"Bianchfs identities"—which 
assure their "compatibility.” 

In a case like this—when the number 
of field variables is equal to the number 
of differential equations—compatibility 
is always assured if the equations can be 
obtain^ from a variational principle. 
This is indeed the case for the gravita¬ 
tional equations. 

However, the 10 differential equa¬ 
tions cannot be entirely replaced six. 
The system of equations is indeed ' over- 
determined,*' but due to the existence of 
the identities it is overdetermined in 
such a way that its compatibility is not 
lost, i.e., the manifold of solutions is not 
critically restricted. The fact that the 
equations of gravitation imply the law 
of motion for the masses is intimately 
connected with this (permissible) over- 
determination. 

After this preparation it is now easy to 
understand the nature of the present in¬ 
vestigation without entering into the de¬ 
tails of its mathematics. The problem is 
to set up a relativistic theory for the 
total field. The most important clue to 
its solution is that there exists already 
the solution for the special case of the 
pure gravitational field. The theory we 
;ue looking for must therefore be a 
gcncrali/iition of the theory of the gravi¬ 
tational field. The first question is: \Vhat 
is the natural generalization of the sym¬ 
metrical tensor field? 

This question cannot be answered by 
itself, but only in connection with the 
other question: What generalization of 
the field is going to provide the most 
natural theoretical S)'Stem? The answer 
on which the theory under discussion is 
based is that the symmetrical tensor field 
must be replaced by a non-symmetrical 
one. This means that the condition 
gik = gii! for the field components must 
bo (lroppe<l. In that case the field has 16 
instead of 10 independent components. 

There remains the task of setting up 
the relativistic differential equations for 
a non-symmctrical tensor field. In the 
attempt to solve this problem one meets 
with a difficulty which does not arise in 
the case of the symmetrical field. The 
principle of general relativity docs not 
suffice to determine completely the field 
equations, mainly because the transfor¬ 
mation law of the symmetrical part of 
the field alone docs not involve the com¬ 
ponents of the antisymmetrical part or 
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vice versa. Probably this is the reason 
why this kind of generalization of the 
field has hardly ever been tried before. 
The combination of the hvo parts of the 
field can only be shown to be a nahtral 
procedure it in the formalism of the 
theory only the total field plays a role, 
and not the symmetrical and antisym- 
metrical parts sepiirately. 

It turned out that this requirement 
can indeed be satisfied in a natural way. 
But even this requirement, together with 
the principle of general relativity, is still 
not sufficient to determine uniquely the 
field equations. Let us remeniber that 
the system of equations must satisfy a 
further condition: the equations must 
be compatible. It has been mentioned 
above that this condition is satisfied if 
the equations can be derived from a vari¬ 
ational principle. 

This has indeed been achieved, al¬ 
though not in so natural a way ;is in the 
case of the symmetrical field. It has been 
disturbing to find that it can be achieved 
in two different ways. These variational 
principles fumislied t^vo systems of 
equations-let us denote them by E, 
and Ey^which were different from each 
other (although only slightly so), each 
of them exhibiting specific imperfec¬ 
tions. Consequently even the condition 
of compatibility was insufficient to de¬ 
termine the system of equations unique- 

•y- 

It was, in fact, the formal defects of 
the systems E| and E 2 that indicated a 
possible way out. There exists a third 
system of equations, E 3 , which is free 
of the formal defects of the systems E) 
and E 2 and represents a combination of 
them in the sense that every solution of 
E 3 is a solution of E| as well as of E^. 
This suggests that E.^ may be the system 
we have been looking for. Why not pos¬ 
tulate Ea, then, as the system of equa¬ 
tions? Such a procedure is not justified 
without further analysis, since tne com¬ 
patibility of E| and that of E^ do not 
imply compatibility of the stronger sys¬ 
tem Ea, where the number of equations 
exceeds the number of field components 
by four. 

An independent consideration shows 
that irrespective of the question of com¬ 
patibility the stronger system, E 3 , is the 
only really natural generalization of the 
equations of gravitation. 

But Ea is not a compatible system in 
the same sense as arc the systems Ei and 
Ej, whose compatibility is assured by a 
sufficient number of identities, which 
means that every field that satisfies the 
equations for a definite value of the time 
has a continuous extension representing 
a solution in four-dimensional space. The 
system E 3 , however, is not extensible in 
the same way. Using the language of 
classical mechanics we might say: In the 
case^of the system E^ the "initial condi¬ 
tion" cannot dc freely chosen. What real¬ 
ly matters is the answer to the question: 
is the manifold of solutions for the sys¬ 
tem E 3 as extensive as must be required 



for a physical theory? This purely mathe¬ 
matical problem is as yet unsolved. 

The skeptic will say: "It may well bo 
true that this system of equations is rea¬ 
sonable from a logical standpoint. But 
this does not prove that it corresponds 
to nature." You are right, dear skeptic. 
Experience alone can decide on truth. 
Yet we have achieved something if we 




have succeeded in formulating a mean¬ 
ingful and precise question. Affirmation 
or refutation will not be easy, in spite 
of an abundance of knowm empirical 
facts. The derivation, from the equa¬ 
tions, of conclusions which can be exm* 
fronted with experience will require 
painstaking efforts aiul probably new 
mathematical methods. 



The Author 

Wherever we look, the physics of the 
20 th century bears the indelible imprint 
of the genius of Albert Einstein. His 
"photoelectric effect,” propounded in 
1905, set the cornerstone of quantum 
theory. At several decisive times in the 
development of that theory it was Albert 
Einstein who supplied the ideas that en¬ 
sured its arrival in the dominant role it 
plays in physics today. 

In the same Ofinns mirahilis of 1905 
Einstein also published two papers that 
launched a parallel revolution in physical 
thought-the theory of relativity with 
which his name is primarily identified. 
The second of these two papers set forth 
his celebrated deduction of the equiva¬ 
lence of mass and energy: E=mc’. By 
1917 he had built upon his "special 
thc<iry'’ of relativity the great edifice of 
his "general theory” that subsumes the 
large-scale mechanics of the universe 
into a comprehensive space-time geom¬ 
etry. From that time on he set himself 
the lofty aim of bringing into this grand 
gencr.iliz,ili>>n the electromagnetic laws 
that govern the small-scale realm of 


atomic particles. In his quest he found 
himself increasingly alone over the last 
four decades of his life, out of sympathy 
with the philosophic views that had come 
from the quantum theory to hold sway 
among his contemporaries in physics. 

In the present article Einstein under¬ 
takes to explain to the layman his last and 
still unsuccessful effort to formulate a 
"Generalized Theory of Gravitation.” He 
was himself the most engaging and suc¬ 
cessful populariser of his work, but he 
described this article as "not quite easy 
to grasp." Nonetheless, it offers the read¬ 
er a warm and intimate insight into the 
motives and aims of this great natural 
philosopher. 
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THE ORIGIN OF THE ELEMENTS 


by William A. Fowler 

The relative abundance of the various kinds of atoms is a powerful 
clue to the history of the universe. A discussion of the recent 
theory that the heavier ones were built up from hydrogen in stars. 


I n investigating the nature and history 
of the universe we can hardly do 
better than to begin by examining 
what it is made of. The universe we see 
and measure is composed of an orderly 
yet diverse system of elements, from hy¬ 
drogen to uranium. How did these ele¬ 
ments come into being; from what pri¬ 
mordial stuff were they made? As rare 
Ben Jonson shrewdly observed more 
than 300 years ago in The Alchemist (in 
a quotation to wUch the physicists Ralph 
A. Alpher and Robert C. Herman have 
previously called attention): 

Ay, for 'twere absurd 
To think that nature in the earth 
bred gold 

Perfect ( the instant: something 
went before. 

There must be remote matter. 

Research into ^remote matter"* and 
the origin of the elements is going for¬ 
ward today along many paths, and of 
these none has been more fruitful than 
the study of the relative abundance of 
the various elements in the universe. The 
present abundances of the elements offer 
one of our most powerful clues to the 
history of the earth, the stars and the 
galaxies, for the abundance curve is the 
product of that history and was shaped 
by cosmic events. From this curve we 
can leam much about the evolution of 
stars, about cosmology and about all the 
grand-scale subjects of modem science. 

Our inquiries into the composition of 
the universe are severely handicapped, 
to be s\ue, by the fact Aat gravitation, 
which acts alike on heavenly bodies, ap¬ 
ples and human beings, has so far 
chained mankind to his native planet 
But notwithstanding this handicap, an 
imposing range of information on the 
universal abundance of elements is avail¬ 


able to us today. There is. first of all, 
our own planet, where we can analyze 
at first hand the composition of the crust, 
oceans and atmosphere, and, allowing 
for losses of matter to space and redis¬ 
tribution of matter to the interior, can 
compute the proportions of the elements 
in the earth when it was formed. Sec¬ 
ondly, there are the meteorites plucked 
by the earth from outer space; we at¬ 
tach considerable weight to these sam¬ 
ples, because the matter in meteorites is 
assumed to have undergone less change 
than that in the earth's crust. Thirdly, 
the light from a star, when analyzed with 
the spectroscope, identifies the elements 
on its visible surface. Every element 
emits or absorbs a characteristic spec¬ 
trum of light (bright or dark lines at cer¬ 
tain wavelengths) when its atoms are 
excited to high temperature; the ele¬ 
ments have been “fingerprinted** in this 
way in laboratories, and their prints can 
be matched to the spectral light from 
stars. The abundance of each element 
can be estimated from the intensity of its 
radiation or from the amount of radia¬ 
tion the surface atoms absorb from the 
stars background radiation. Fourthly, 
from galaxies and from interstellar space 
we can hear a song of hydrogen, in the 
form of radio waves at the 21 -centimeter 
wavelength; as radio astronomy devel¬ 
ops it may tell us much more about the 
abundance of the elements in space. Fi¬ 
nally, the cosmic ray particles that con¬ 
tinually bombard the earth also supply 
us with samples of matter from the uni¬ 
verse outside our planet. 

II these clues are beset with complica¬ 
tions that may mislead us. Nor can 
we be confident that we have a true 
sample of the whole universe, for toe 
infoimation comes mainly from our own 
galaxy, indeed, largely from our own 


solar system. But it has been gratifying 
to find that every one of our methods of 
observation, when carefully carried out 
and corrected for complicating factors, 
yields much the same story. Thev pro¬ 
duce a reasonable and consistent picture 
of the average abundance of the ele¬ 
ments in the universe as far as we can 
observe it. This picture—a cui>'e showing 
the proportions of the various elements 
in the cosmos as a whole—is well repre¬ 
sented by the curve constructed by Har¬ 
rison Brown of the California Institute 
of Technology on the basis of his analysis 
of meteorites and other e\idence (sec 
upper chart on page 69), 

By far the most abundant element is 
hydrogen: it accounts for 93 per cent of 
the total number of atoms and 76 per 
cent of the weight of the universe s mat¬ 
ter. Helium is next: about 7 per cent by 
number of atoms and 23 per cent by 
weight. In general the abundance of the 
elements drops off with increasing 
atomic weight. The fall in the curve has 
one sharp interruption when wc come to 
the elements of the iron group: these 
are about 10,000 times more abundant 
than their neighbors in the atomic- 
weight sequence. But except for this 
anomaly there is a general decline, and 
the heaviest elements add up to only a 
hundred millionth of all matter by num¬ 
ber of atoms and a millionth by weight. 
It is a striking fact that all the elements 
beyond helium together amount to only 
a little more than I per cent of the mass 
of the universe. 

If we take this picture to be correct, 
we have, then, a universal pudding com¬ 
posed of certain known ingredients 
mixed in certain proportions. Our task 
is to determine what recipe could have 
brewed this mixture. 

We begin with the fact that, to the 
best of our knowledge, all the elements 
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are made up ot just two nuclear build¬ 
ing blocks—protons and neutrons. (How 
the protons and neutrons themselves 
were created is a question outside the 
province of this article: only men of 
strong convictions^ religious or scientific, 
have the courage to deal with the prob¬ 
lem of the creation.) In a sense protons 
and neutrons are merely different ver¬ 
sions of a nucleon: a free neutron may 
decay into a proton by shedding a nega¬ 
tive electron, and the positively charged 
proton may become a neutron by com¬ 
bining with an electron or by emitting a 
positron. 

The nucleus of the simplest element, 
hydrogen, is a single proton. Nearly a 
century and a half ago the Englishman 
William Prout suggested that all the ele¬ 
ments consisted of combinations of hy¬ 
drogen atoms. We have teamed that the 
situation is vastly more complicated, but 
essentially most of the modem theories 
make a similar approach. It is natural to 
start with the working hypothesis that 
the elements were built up from protons 
or neutrons or both as the units. 

The difficxxlty lies in trying to picture 
how this build-up took place and how 

through the 
whole sequence to produce all the ele¬ 
ments in the periodic table. The posi¬ 
tively charged protons repel each other, 
and it takes a large amount of energy to 
overcome this repulsion and force them 
close enough together to combine. Some 
combinations are highly unstable or non¬ 
existent. Other combinations in the se¬ 
quence are so stable and so strongly 
bound that it is difficult to see how they 
can be transmuted or built up to larger 
atoms by natural processes. 

^T^here are several current theories 
^ about the origin of the elements, but 
we shall consider only the two that have 
been worked out in fairly comprehen¬ 
sive fashion and are taken most seriously. 

The more popular of the two is the 
one advanced by George Camow and 
his GoUaborators. This theory holds that 
the elements were formed by a step-by- 
step build-up from neutrons. Camow 
starts from the postulate, based on the 
apparent expansion of the universe, that 
the cosmos started from a core which 
exploded in a primordial *l>]g bang^ 
some five billion years ago. This exceed¬ 
ingly dense core, he believes, was made 
up primarily of neutrons, for under the 
great pressure electrons would be com¬ 
pressed into the protons. As the great 
neutron ball began to expand, some of 
the neutrons decayed to protons. Each 
proton promptly captured a neutron, the 


it could have proceeded 
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pair forming a deuteron, the nucleus of 
the hydrogen isotope of mass 2. Some 
deuterons then captured another neu¬ 
tron and became nuclei of tritium, or 
hydrogen 3. This nucleus soon deciivs bv 
emitting a negative electron and thus is 
transmuted to helium 3, And so, bv a 
rapid succession of neutron captures and 
electron decays, all the elements were 
built in the first burst of the universe’s 
expansion. Gamow believes that the 
whole process of formation of the ele¬ 
ments as we know them took place in a 
matter of a few minutes. The fleeing 
matter thereafter formed stars, planets 
and galaxies. 

Two lines of evidence from labofator\' 
experiments with particles give impres¬ 
sive support to Gamow’s theoiy*. First, it 
is well established that near!) all nuclei 
do in fact capture neutrons readily. Sec¬ 
ondly. the neutron-capture cross sections 
of the various nuclei predict a pattern of 
element abundances which agrees re¬ 
markably well with the one actually ob¬ 
served. We should expect a simple rela¬ 
tion between the neutron cross section 
of a given nucleus (i.e., the rate at which 
it captures neutrons) and the relative 
abundance of its production. Nuclei that 
capture neutrons rapidly should he com¬ 
paratively rare when the 5c<jucnce of 
ebment formation is complete<l. l)e- 
cause most of them are <|uick(y exm- 
verted by such capture to other nuclei; 
conversely, nuclei that are slow to cap¬ 
ture neutrons should accumulate to rela¬ 
tively high abundance. The curve of 
element abundances does in fact closclv 
follow the curve of neutron <apture cross 
sections, in an inverse sense: that is to 
say, just as the curve of abundance falls 
sharply from hydrogen to the nucleus of 
atomic weight 100 and then flattens out, 
so the curve of neutron cross sections 
rises sharply from hydrogen to 100 and 
similarly flattens out beyond this atomic 
weight [compare charts on page 69]. 
There are even some correlations be¬ 
tween fluctuations of elements from the 
two curves, notably at the neutron num¬ 
bers 50. 82 and 126. 

But there are important difficulties 
with Camow's theory—difficulties to 
which his collaborators Ralph A. Alpher 
and Robert C. Herman have themselves 
called attention. The most serious is the 
fact that in the sequence of atomic 
weights numbers 5 and 8 arc vacant. 
That is, there is no stable atom of mass 
5 or of mass 8. We can produce helium 5 
in the laboratory by bombarding helium 
4 with neutrons, but it immediately 
breaks down to helium 4 again. Like¬ 
wise we can produce momentarily an 
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isotope of beryllium of mass 8, but it too 
instantly breaks down (by fission into 
two helium 4 atoms). The question then 
is: How can the build-up of elements by 
neutron capture get by these gaps? The 
process could not go beyond helium 4, 
and even if it spanned this gap it would 
be stopped again at mass 8. In short, if 
neutron capture were the only process 
by which elements could be built, start¬ 
ing with hydrogen, the build-up would 
get no farther than helium. 

T his basic objection to Gamow s 
theory is a great disappointment, in 
view of the promise and philosophical 
attractiveness of the idea. The other ma¬ 
jor current hypothesis is less simple and 
less elegant; it complicates the picture 
by invoking other processes, in addition 
to neutron capture, to account for the 
build-up of the elements. But it seems 
to surmount the difficulties encountered 
by the Camow hypothesis. 

The theory argues that the elements 
were built not in a primordial explosion 
but in the hot interiors of stars. It starts 
from our knowledge that nuclear reac¬ 
tions and transfonnations must be going 
on constantly in the stars. As Sir Arthur 
Eddington presciently remarked in 
1920, after Lord Rutherford had trans¬ 
muted nuclei by bombardment in his 
laboratory: “Wliat is possible in the Cav¬ 
endish Laboratory may not be too diffi¬ 
cult in the sun.” Eddington's infonned 
guess was certainly correct, but not un¬ 


til 1938 was it translated into terms of 
specific processes. Hans A, Bcthe, seek¬ 
ing to account for the enormous and 
enduring energy of the sun and other 
stars, conceived two chains of nuclear 
reactions that would explain their tre¬ 
mendous release of energy and would 
build new nuclei. The processes have 
been known ever since as proton-proton 
fusion and the carbon-nitrogen cycle. 
The new theory of synthesis of the ele¬ 
ments, which has been championed most 
extensively by Fred Hoyle of the Uni¬ 
versity of Cambridge, assigns key roles 
to these processes. 

We start with a universe consisting of 
a cold, dilute and turbulent gas of hydro¬ 
gen atoms. By gravitational attraction 
part of the gas condenses into stars. As a 
star contracts under gravitational force, 
its interior grows very dense and hot. 
When the central temperature reaches 
about five million degrees, the protons 
are moving with enough energy to fuse 
on colliding and form deuterons. Deu- 
terons in turn combine with protons to 
form hcHum 3. Helium 3 docs not inter¬ 
act with protons, but laboratory experi¬ 
ments have shown that two hebum 3 
nuclei can fuse and produce helium 4, 
ejecting the two surplus protons. The net 
result of this proton-proton chain is the 
conversion of four atoms of hydrogen 
into one atom of helium. 

In this way a core of helium develops 
in the center of the star and gradually 
grows in size. After a time, as the hydro¬ 


gen fuel in the interior is used up, the 
core begins to cool. It then contracts, 
because gravitational forces gain the up¬ 
per hand. As a result the temperature of 
the core rises again. The sudden rise 
of the internal temperature heats up the 
star’s outer envelope of hydrogen; the 
mantle expands enormously; its extend¬ 
ed surface then radiates cooler (i.e., red¬ 
der) light, and the star becomes a "red 
giant.” 

W e have now a star with a hot core 
of helium, at a computed tempera¬ 
ture of more than 100 million degrees. 
What happens next? We have come to 
the Gordian knot of the speculations on 
the build-up of the elements. Two he¬ 
lium nuclei may combine to form a nu¬ 
cleus of mass 8, but as we have seen, 
any nucleus of mass 8 must be extremely 
unstable, for none is found in nature. 
However, beryllium 8 hes been pro¬ 
duced momentarily in the laboratory, 
and will certainly materialize in the very 
hot and dense interior of a star. In fact, 
in that environment beryllium 8 will be 
produced at as fast a rate as it breaks 
down, so that a small amount of it is al¬ 
ways present. If so, an occasional beryl¬ 
lium 8 nucleus may during its very brief 
lifetime fuse with a helium 4 nucleus. 
The combination should result in a nu¬ 
cleus of carbon 12. 

Hoyle has pointed out that, in view 
of the extreme rarity of the beryllium 8 
nuclei (about one part in 10 billion in a 
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l(XLmillion*<legree star)* the beryllium 
8 nucleus had better have a big cross 
section for capturing helium nuclei if 
this scheme is to work. Naturally tbe 
question cannot be put to a direct test 
by bombarding a beryllium 8 target in 
the laboratory, for the nucleus is too 
ephemeral. But in the W. K. Kellogg Ra* 
d^tion Laboratory at Cal Tech we have 
been able to obtain indirect evidence 
that this capture does have a high prob* 
ability, or, in the parlance of nuclear 
physics, that it is a ^"resonant” reaction. 
Hoyle reasoned that if the reaction is 
indeed a resonant one, the product, car* 
bon 12, must go through an excited state 
with certain specified properties. We 
have found that the carbon 12 nucletis 
can 10 fact take this excited form, with 
almost exactly the properties Hoyle pre* 
dieted. We product excited carbon by 
bombarding boron with high-energy 
deuterons. The excited carbon 12 nu¬ 
cleus resulting from this reactioD 
promptly disintegrated into three helium 
nuclei. On the basis of veiy general phys¬ 
ical principles we can argue that in the 
hot core of helium in a star the reverse 
process can take place: that is, three 
helium nuclei may combine to form ex¬ 
cited carbon 12, which may then dis¬ 
charge its energy of excitation and be¬ 
come stable carbon. 

Tbe jump from helium to carbon of 
course skips the elements lithium, beryl¬ 
lium (whose stable form is beryllium 9) 
and boron. There is good reason to sup¬ 


pose that these elements are not pro¬ 
duced in the main line of build-up of 
die elements. They are comparatively 
rare, and may be made by secondary 
processes. It is known, for instance, that 
bombardment of heavy elements with 
hydrogen nuclei sometimes chips off 
fragments which are identifiable as nu¬ 
clei of lithium, beryllium and boron. 
Possibly this process goes on in spots 
(‘"sunspots**) on the surfaces of stan or 
occurs in stellar explosions. 

Once carbon 12 has been synthesized 
in the helium core of a star, it may build 
up by successive captures of helium nu¬ 
clei to oxygen 16, neon 20 and perhaps 
magnesium 24. When the helium has 
been largely used up, so that there can 
no longer be much release of energy 
from these fusion reactions, the core 
cools and contracts. The contraction 
again raises the temperature of the core, 
this time perhaps to an energy high 
enough to trigger interactions among 
the nuclei of carbon, oxygen and neon. 
Such reactions would produce the 
silicon group of elements (around 
atomic weight 28). The temperature of 
the core may continue to rise until, at 
about five billion degrees, the build-up 
of elements by fusion reaches a dead 
end. At this stage the build-up would 
form tbe most stable of all the elements, 
namely iron and its neighbors (around 
atomic weight 56). Any nuclear reac¬ 
tion involving tbe iron group must ab¬ 
sorb energy rather than release it; hence 


these nuclei cannot serve as fuel to con¬ 
tinue the chain of fusions. 

Hoyle has suggested that this impasse 
may account for the anomalous abun¬ 
dance of the iron group of elements in 
the universe. As the primeval stars grow 
older, they accumulate iron as the end 
product. If they reach the stage where 
they have burned up all their internal 
fuel and then expire (perhaps as a 
result of a sudden disturbance of the hot 
core materia] and its reaction with un- 
bumed material in the envelope of the 
star), they will fling a considerable 
amount of iron into interstellar space. 

Y^e must now pause to relate the ele- 
^ ment-building processes to the 
evolution of stars. Clearly in the early 
stages of a starts evolution the only, or 
at least dominant, process is the build-up 
of hydrogen to helium. The fusion of 
hydrogen to helium is, in fact, the main 
source of energy of most stars (which 
fall in what is called the '‘main se¬ 
quence** on the familiar chart of star 
classifications). Recall that most of the 
matter in the universe is hydrogen and 
helium: we can assign the building of all 
the other elements to comparatively 
minor or rare processes in the life of 
stars. 

It is in the old ""red giants*' that the 
fusion of helium into carbon and suc¬ 
cessively heavier elements takes over the 
dominant role. But, as we have just seen, 
we have reached an impasse at iron, and 
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we must DOW find some way to construct 
the elements beyond the iron group* 
Here Camow's concept of build-up by 
neutron capture^ and what we know of 
certain cataclysmic events in the history 
of $tan» comes to our aid. 

Stars, like human beings, are subject 
to accidents and disorders: not all of 
them live to a ripe old age. They occa* 
sionally boil up to a state of instability 
that results in their exploding as a nova 
or supernova. This may happen in a star 
of any age, young or old. When a young 
star explodes, it discharges hydrogen 
and helium into interstellar space. An 
old star will spew forth not o.ily these 
nuclei but al^ other elements from 
carbon up to iron. Besides this, even 
stable stars, including our sun, are 
known to be constantly ejecting corpus- 
cles of matter into space. 


ENTIRE SCHEME of the synihetii of ele- 
menu in ttare i$ presented on the opposite 
page. Elements srnihesixed by interactions 
with protons (hydrogen horning) are listed 
borizonuljy. ElemenU synthesised by inter* 
actions with alpha particles (helinm born* 
ing) and more complicated processes are 
listed vertically. The letters ^pp** stand for 
the protomproton reaction; the letters 
for the carboa*nitrogen cycle. The 
letter **n** stands for oeotroos liberated in 
nuclear reactions and thus available for nen- 
tron<apture processes. The production of 
carbon (C), nitrogen (N), oxygen (O), 
fluorine (F), neon (No) and sodium (Na) 
ere given in detail. DeKribed in less deuU 
are the Denlron*captaje processes respon* 
lible for magnesium (Mg), sulfur (S)^ 
titanium (Ti), the iron group, the heavy 
elements and the traosuraniuen elements. 
The colored dotted line between the 
transuranium elements and the heavy ele* 
menu represents alpha decay or fission. 
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Thus a debris of matter from living 
and dying stars pours into space, and its 
elements mix with the interstellar gas. 
From this material new stars are bom: 
astronomy today has strong evidence of 
the existence of young or infant stars in 
the heavens. So we can postulate hvo 
kinds of stars: primeval or *'first genera¬ 
tion*' stars, and *"second generation" 
Stan, which start with a legacy of the 
elements up to iron from the parents of 
their matter. 

T et us now consider a second generation 
^ star which has condensed from hy¬ 
drogen mixed with some carbon, oxygen, 
neon and even a little iron. In these stars 
hydrogen in the core will again be con¬ 
verted to helium, but now, because car¬ 
bon is present, the conversion will take 
the route of the second process de¬ 
scribed by Bethe, the carbon-nitrogen 
cycle. In this cycle carbon 12 captures 
hydrogen n>iclei in a series of steps 
which converts it successively to carbon 
13, nitrogen 14 and nitrogen 15: in the 
end nitrogen 15 takes on another pro¬ 
ton, breaks down to carbon 12 again, 
and in so doing emits a nucleus of heli¬ 
um. Thus the chain of reactions pro¬ 
duces helium and all the isotopes of 
carbon and nitrogen. It can be calcu¬ 
lated that this process, rather than the 
direct fusion of protons, is the source of 
energy in second-generation main-se¬ 
quence stars which are large enough to 
have internal temperatures over 15 mil¬ 
lion degrees. 

The oxygen in the star s core mixture 
is converted by proton capture to the 
isotope oxygen 17, and neon similarly to 
neon 21. Now these isotopes, and car¬ 
bon 13, come to play a crucial role when 
the star arrives at the red giant stage and 
its core consists mainly of hot helium. 
The three isotopes, on reacting with 
helium, produce unstable nuclei which 
emit neutrons; so laboratory experiments 
have shown. Consequently they furnish 
a steady supply of neutrons within the 
core. We have seen that all nuclei, even 
iron, readily capture neutrons. Here, 
then, is the mechanism that breaks the 
iron bottleneck. By successive captures 
of neutrons, nuclei can be built up from 
the iron group to elements as heavy as 
lead and bismuth. The slow neutron- 
capture process in the core of a star can¬ 
not carry the build-up beyond bismuth, 
because the heavier elements decay too 
rapidly (by emitting alpha particles, or 
helium nuclei). However, the heavy 
elements can capture neutrons at a suffi¬ 
ciently rapid rate to continue the chain 
during an explosion of a star. 


That the stars do in fact synthesize 
heavy elements has been confirmed by 
considerable evidence, some of it spec¬ 
tacular. The most dramatic was the dis¬ 
covery of the element technetium in cer¬ 
tain giant stars (through its spectral 
fingerprints). Technetium is an unstable 
element whose longest-lived known 
isotope has a half-life of only 216,000 
years—far less than the age of the stars 
in which it is found. It must therefore 
have been made in the star long after 
the star's birth. As for the synthesis of 
the heaviest elements, an isotope of the 
element californium was found in the 
debris from a thermonuclear explosion 
in the Bikini tests of 1952, and we have 
seen an intriguing suggestion of its 
presence in certain supemovae. After 
their original flare-up, these exploding 
stars decline in brightness at a rate 
which corresponds to a half-life (decline 
to half the intensity) of 55 days, and this 
is just the half-life of spontaneous fission 
of californium 2541 

Research in our own and other labora¬ 
tories has now established possible 
processes for svmthesis of all the ele¬ 
ments [see opposite page]. Of course 
this scheme is still highly tentative. It 
is disconcerting that so many different 
processes have to be invoked; it would 
be much more satisfying to see a single 
process that could build all the elements. 
The picture may, however, become sim¬ 
pler as more research is done. What 
particularly gratifies workers in this field 
is that speculation about the origin of the 
elements has been reduced to questions 
specific enough to be tested both by nu¬ 
clear physicists in the laboratory and b)^ 
astrophysicists studying the stars. 

T here is food for philosophical 
thought in what has been learned 
so far. The heavy elements, of which 
our solar system has its full share, took 
a long time to produce—probably one 
to two billion years. Thus the particular 
part of the universe we inhabit is not 
the oldest thing in it; many cosmic 
events preceded the formation of the 
earth. The oldest stars in our galaxy are 
estimated to have an oge of 6.5 billion 
years, while analyses of meteorites indi¬ 
cate that the solar sy'stem is no more 
than 4.5 billion years old. 

Copernicus displaced the center of 
the universe from the earth to the sun; 
later cosmologists dethroned the solar 
system as the center; now we see that 
our system was not even in existence at 
the beginning of the galaxy. So dies the 
last vestige of mankinds geocentric 
conception of the universe. 
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THE EVOLUTIONARY UNIVERSE 


by George Gamow 



Most cosmologists believe that the universe began as a dense 
kernel of matter and radiant energy \Arhich started to expand 
about five billion years ago and later coalesced into galaxies. 



C osmology is the study of the gener¬ 
al nature of the universe in space 
and in time-what it is now, what 
it was in the past and what it is likely 
to be in the future. Since the only forces 
at work between the galaxies that make 
up the material universe are the forces 
of gravity, the cosmological problem is 
closely connected with the theory' of 
gravitation, in particular with its mod¬ 
em version as comprised in Albert Ein- 
stein's general theory of relativity. In 
the frame of this theory the properties 
of space, time and gravitation arc merged 
into one harmonious and elegant picture. 

The basic cosmological notion of gen¬ 
eral relativity grew out of the work of 
great matliematicians of the 19th cen¬ 
tury. In the middle of the last century 
two inquisitive mathematical minds—a 
Hussian named Nikolai Lobachevski and 
a Hungarian named Janos Bolyai—dis- 
<^)vered that the classical geometrs' of 
Euclid was not the only possible geom¬ 
etry; in fact, they succeeded iti constnicl- 
iiig a geometry' which was fully as logical 
and self-consistcnt as the Euclidean. 
They began by overthrowing Euclid’s 
axiom about parallel lines: n.imely. that 
only one parallel to a given straiglit line 
can be drawn through a point not on 
tliat line. Lobachevski and Bolyai both 
(tnicvived a system of geometry in which 
a great riuinber of lines parallel to a 
given line could be drawn through a 
|)oiiit outside tlie line. 

To illustrate the diflerences between 
Euclidean geometry' and their non-Eu- 
chdeaii sy.stem it us simplest t<i consider 
just two dirnensiuns—that is. the geom¬ 
etry of surfac-cs. In our schoolbooks this 
Ls known ns "plane goonietry, bec.iuMj 
the Euclidean surface is a Hal sort ace. 
Suppose, now, we examine tlu prop¬ 
erties of a two-dunensional geometry 
(constructed not on a plane surfatx* but 


on a curved surface. For the system of 
Lobachevski and Bolyai we must take 
the curvature of the surface to be "neg¬ 
ative,” which means that the curvature 
is not like that of the surface of a sphere 
but like that of a saddle [see illustrations 
on page 80). Now if we are to draw 
parallel lines or any figure (e.g., a 
triangle) on this surface, we must de¬ 
cide first of all how we shall define a 
"straight line,” equivalent to the straight 
line of plane geometry'. The most rea¬ 
sonable definition of a straight line in 
Euclidean geometry’ is that it is the path 
of the shortest distance between two 



points. On a curved surface the line, so 
defined, becomes a curved line known as 
a "geodesic” (see 'The Straight Line,” 
by Morris Kline; Scientific American, 
March]. 

Considering a surface curved like a 
saddle, we find that, given a "straight” 
line or geodesic, we can draw through 
a point outside that line a great many 
geodesics which will never intersect the 
given line, no matter how far they arc 
extended. They are therefore parallel to 
it, by the definition of parallel. The pos¬ 
sible parallels to the line fall within cer¬ 
tain limits, indicated by the intersecting 





Five contributors to modern cosmology are depicted i#i these drawings by Hcrnarda Brysort* 
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lines in the drawing at the left in the 
middle of the next page. 

As a consequence of the overthrow of 
Euclid's axiom on parallel lines, many 
of his theorems are demolished in the 
new geometry. For example, the Euclid¬ 
ean theorem that the sum of the three 
angles of a triangle is 180 degrees no 
longer holds on a curved surface. On the 
saddle-shaped surface the angles of a 
triangle formed by three geodesics al¬ 
ways add up to less than 180 degrees, 
the actual sum depending on the size of 
the triangle. Further, a circle on the sad¬ 
dle surface does not have the same prop¬ 
erties as a circle in plane geometry. On 
a flat surface the circumference of a cir¬ 
cle increases in proportion to the increase 
in diameter, and the area of a circle in¬ 
creases in proportion to the square of the 
increase in diameter. But on a saddle 
surface both the circumference and the 
area of a circle increase at foster rates 
than on a flat surface with increasing 
diameter. 

After Lobachevski and Bolyai, the 
German mathematician Bernhard Rte- 
mann constructed another non-Euclid¬ 
ean geometry whose two-dimensional 
model is a surface of positive, rather than 
negative, curvature—that is, the surface 
of a sphere. In this case a geodesic line 
is simply a great circle around the sphere 
or a segment of such a circle, and since 



any hvo great circles must intersect at 
two points (the poles), there are no par¬ 
allel lines at all in this geometry. Again 
the sum of the three angles of a tri¬ 
angle is not 180 degrees: in this case it 
is always more than 180. The circrim- 
ference of a circle now increases at a 
rate slower than in proportion to its 
increase in diameter, and its area in¬ 
creases more slowly than the square of 
the diameter. 

]^ow all this is not merely an exercise 
^ ' in abstract reasoning but bears di¬ 
rectly on the geometry of the universe in 
which we live. Is the space of our uni¬ 
verse ^'flat." as Euclid assumed, or is it 
curved negatively (per Lobachevski and 
Bolyai) or curved positively (Riemann) ? 
If we were two-dimensional creatures 
living in a two-dimensional universe, we 
could tell whether we were living on a 
flat or a curved surface by studying the 
properties of triangles and circles draNvn 
on that surface. Similarly as three-dimen¬ 
sional beings living in three-dimensional 
space we should be able, by studying 
geometrical properties of that space, to 
decide what the curvature of our space 
is. Riemann in fact developed mathemat¬ 
ical formulas describing the properties 
of various kinds of curved space in three 
and more dimensions. In the early years 
of this century Einstein conceived the 



idea of the universe as a curved system in 
four dimensions, embodying time as the 
fourth dimension, and he proceeded to 
apply Riemanns formulas to test his 
idea. 

Einstein showed that time can be con¬ 
sidered a fourth coordinate supplement¬ 
ing the three coordinates of space. He 
connected space and time, thus establish¬ 
ing a *'space-time continuum,'* by means 
of the speed of light as a link between 
time and space dimensions. However, 
recognizing that space and time are 
physically different entities, he employed 
the imaginary number \/- L or i, to ex¬ 
press the unit of time mathematically 
and make the time coordinate formally 
equivalent to the three coordinates of 
space. 

In his special theory of relativity Ein¬ 
stein made the geometry of the time- 
space continuum strictly Euclidean, that 
is, flat. The great idea that he introduced 
later in his general theoiy was that gravi¬ 
tation. whose effects had been neglected 
in the special theory, must make it 
curved. He saw that the gravitational 
effect of the masses distributed in space 
and moving in time was equivalent to 
curvature of the four-dimensional space- 
time continuum. In place of the classical 
Newtonian statement that “the sun pro¬ 
duces a field of forces which impels the 
earth to deviate from straight-line mo- 



Prom Ufi U> right they are: Nikolai Lobachevski, Bernhard Riemann, Albert Binuein, IP idem de Sitter and Georges Lemaltre 
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NEGATIVE AND POSITIVE CURVATURE of space i« suggested 
by this two-dimensional analog). The saddle-shaped surface at left, 
which lies on both sides of a tangential plane, is negatively curved. 



The spherical surface at right, which lies on one side of a tangen¬ 
tial plane, is positively curved. If space is negatively curved, the 
universe is infinite; if it is positively curved, the universe is finite. 



ON A NEGATIVELY Cl RVED SURFACE the shortest distance 
between two points is not a straight line but a curved “geodesic,” 
ftUch 99 ihe line AB qI iht left. On a pbnr surface only one parallel 
lo a given ulrciight line can be dr.iwn ihrougb a point not on that 
line; on a negolively curved •urfare many grodr«irA can be drawn 


ibrough a point nol on a given geodesic without ever intersecting 
it. These **paraner lines will fall within the limits indicated by 
the arrow between the intersecting lines at left. On a plane surface 
the angles of a triangle odd up lo 180 degrees; on the negatively 
curved surface at the right, they add up lo less than 180 degrees 



ON PO^ITIN Kl.Y f'l ilVK!) Sl’RFAClK the Bhorteet distance 
belviecn l\so poiiii* foiloM* u greiil circle, a ilu^ed line pa^ving 
tfirougli opt) 0 «ilr pointf^ on the nurfnrc Ming/e curved Itne <il left). 
In thi5 geoiiielr) there are no 'parallel * lines because any two 


great circles must intersect. The circumference of a circle increases 
more slowly with diameter than on a flat surface, and the area sim¬ 
ilarly increases more slowly \concetiiric circles q( fe//). The angles 
of a triangle on the surface iright) add up lo more than 180 degrees. 
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Hon and to move in a circle around the 
sun,** Einstein substituted a statement 
to the effect that “the presence of the 
sun causes a curvature of the space-time 
conHnuum in its neighborhood.** 

The motion of an object in the space- 
time continuum can be represented by a 
curve called the object’s “world line.** 
For example* the world Une of the earth s 
travel around the sun in time is pictured 
in the drawing on the next page. (Space 
must be represented here in only two 
dimensions; it would be impossible for 
a three-dimensional artist to draw the 
fourth dimension in this scheme* but 
since the orbit of the earth around the 
sun lies in a single plane* the omission is 
unimportant.) Einstein declared, in ef¬ 
fect: “The world line of the earth is a 
geodesic in the curved four-dimensional 
space around the sun.*' In other words, 
the Une ABCD in the drawing cor¬ 
responds to the shortest four^imension- 
al distance between the position of the 
earth in January (at A) and its position 
in October (at D). 

l^instein's idea of the gravitational 
^ curvature of space-time was* of 
course, triumphantly affirmed by the dis¬ 
covery of perturbations in the motion 
of Mercury at its closest approach to the 
sun and of the deflection of light rays by 
the sun’s gravitational field. Einstein 
next attempted to apply the idea to the 
universe as a whole. Does it have a 
general curvature* similar to the lo¬ 
cal curvature in the sun*$ gravitational 
field? He now had to consider not a 
single center of gravitational force but 
countless centers of attraction in a uni¬ 
verse full of matter concentrated in 
galaxies whose distribution fluctuates 
considerably from region to region in 
space. However, in the large-scale view 
the galaxies are spread fairly uniformly 
throughout space as far out as our big¬ 
gest telescopes can see* and we can justi¬ 
fiably “smooth out” its matter to a gen¬ 
eral average (which comes to about one 
hydrogen atom per cubic meter). On this 
assumption the universe as a whole has 
a smooth general curvature. 

But if the space of the universe is 
curved, what is the sign of this curva¬ 
ture? Is it positive, as in our two-dimen¬ 
sional analogy of the surface of a sphere, 
or is it negative, as in the case of a saddle 
surface? And* since we cannot consider 
space alone, how is this space curvature 
related to time? 

Analyzing the pertinent mathematical 
equations, Einstein came to the conclu¬ 
sion that the curvature of space must be 
independent of time, Le., that the uni¬ 
verse as a whole must be unchanging 


(though it changes internally). How¬ 
ever, he found to his surprise that there 
was no solution of the equations that 
would permit a staHc cosmos. To repair 
the situation, Einstein was forced to in¬ 
troduce an additional hypothesis which 
amounted to the assumption that a new 
kind of force was acHng among the galax¬ 
ies. This hypothetical force had to be in¬ 


dependent of mass (being the same for 
an apple* the moon and the sun!) and to 
gain in strength with increasing distance 
between the interacting objects (as no 
other forces ever do in phj'sics!). 

Einstein’s new force, called “cosmic 
repulsion,” allowed two mathematical 
modeb of a static universe. One solution* 
which was worked out bv Einstein him- 



MOTiON OF BODY in the curved '*ipace-time continuum*’ of Albert EinMein u repre¬ 
sented by the %rorld line** of the earth's motion around the sun. Here the «un is the small 
open circle in each of the four planes. The earth is the black dot on the elliptical orbit. Each 
pbne shows the position of the earth at a month of the year. The world line is in color. 
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self and became known as "Einstein’s 
spherical universe/’ gave the space of the 
cosmos a positive curvature. Like a 
sphere, this universe was closed and 
thus had a finite volume. The space co* 
ordinates in Einstein’s spherical universe 
were curved in the same way as the lati¬ 
tude or longitude coordinates on the 
surface of the earth. However, the time 
axis of the space-time continuum ran 
quite straight, as in the good old classical 
phvsics. This means that no cosmic event 
would ever recur The two-dimensional 
analogy of Einstein’s space-time con¬ 
tinuum is the surface of a cylinder, with 
the time axis running parallel to the axis 
of the cylinder and the space axis per¬ 
pendicular to it (see drawing at left on 
this }>age]. 

The other static solution based on 
the mysterious repulsion forces was dis¬ 
covered bv the Dutch mathematician 
Willem de Sitter. In his model of the uni¬ 
verse both space and time were curv'ed. 
Its geometrv' was similar to that of a 
globe, with longitude serving as the 
space coordinate and latitude as time 
[drawing at right on this page]. 

Unlnippily astronomical observations 
contradicted both Einstein s and de Sit¬ 
ters static models of the universe, and 
they were soon abandoned. 

In the year 1922 a major turning point 
^ came in the cosmological problem. 
A Russian mathematician, Alexander A. 
Friedman (from whom the author of this 
article learned his relativity), discovered 
an error in Einsteins proof lor a static 
universe. In carrying out his proof Ein¬ 
stein had divided both sides of an equa¬ 
tion by a quantity which, Friedman 
found, wuld become zero under certain 
circumstances. Since division hv zero is 
not ])ermitted in algebraic c^omputations, 
the possibility of a nonstatic universe 
could not be excluded under the circum¬ 
stance's in question. Frie*dman showed 



that two nonstatic models were possible. 
One pictured the universe as expanding 
with time; the other, contracting. 

Einstein quickly recognized the im¬ 
portance of this discovery. In the last 
edition of his book The Meaning of Refo- 
tivity he wrote: *The mathematician 
Friedman found a way out of this dilem¬ 
ma. He showed that it is possible, accord¬ 
ing to the field equations, to have a 
finite density in the whole (three-dimen¬ 
sional) space, without enlarging these 
field equations ad hoc.** Einstein re¬ 
marked to me many years ago that the 
cosmic repulsion idea was the biggest 
blunder he had made in his entire life. 

Almost at the very moment that 
Friedma!! was discovering the possibility 
of an expanding univene by mathemat¬ 
ical reasoning, Edwin P. Hubble at the 
Mount Wilson Observatory on the other 
side of the world found the first evidence 
of actual physical expansion through his 
telescope. He made a compilation of the 
distances of a number of far galaxies, 
whose light was shifted toward the red 
end of the spectnim, and it was soon 
found that the extent of the shift was 
in direct proportion to a galaxy’s dis¬ 
tance from us, as estimated by its faint¬ 
ness. Hubble and others interpreted the 
red-shift as the Doppler effect—the well- 
known phenomenon of lengthening of 
wavelengths from any radiating source 
that is moving rapidly away (a train 
whistle, a source of light or whatever). 
To date there has been no other reason¬ 
able explanation of the galaxies* red- 
shift. If the explanation is correct, it 
means that the galaxies are all moving 
away from one another with increasing 
velocity as they move farther apart. 

Thus Friedman and Hubble laid the 
foundation for the theory' of the expand¬ 
ing universe. The theory was soon de¬ 
veloped further by a Belgian tht*oretical 
astronomer, Georges Lcmaitre. He pro¬ 
posed that our universe started from a 



highly compressed and extremely hot 
state which he called the "primeval 
atom.” (Modem physicists would pre¬ 
fer the term "primeval nucleus”) As 
this matter expanded, it gradually 
thinned out, cooled down and reag¬ 
gregated in stars and galaxies, giving 
rise to the highly complex structure of 
the universe as we know ft today. 

Until a few years ago the theory of 
the expanding universe lay under the 
cloud of a very serious contradiction. 
The measurements of the speed of flight 
of the galaxies and their distances from 
us indicated that the expansion had 
started about 1.8 billion years ago. On 
the other hand, measurements of the 
age of ancient rocks in the earth by the 
clock of radioactivity (f.e., the decay 
of uranium to lead) showed that some 
of the rocks were at least three billion 
years old; more recent estimates based 
on other radioactive elements raise the 
age of the earth’s crust to almost five 
billion years. Clearly a universe 1.8 bil¬ 
lion years old could not contain five- 
billion-year-old rocks! Happily the con¬ 
tradiction has now been disposed of by 
Walter Baade s recent discovery that the 
distance yardstick (based on the periods 
of variable stars) was faulty and that 
the distances between galaxies arc more 
than txvicc as great as they were thought 
to be. This change in distances raises 
the age of the universe to five billion 
years or more. 

Friedmans solution of Einstein’s cos¬ 
mological cejuation, as I mentioned, per¬ 
mits two kinds of universe. Wc can call 
one the "pulsating" univene. This model 
says that when the universe has reached 
a certain maximum pcnnis.sible expan¬ 
sion, it will begin to contract; that it will 
shrink until its matter has been com¬ 
pressed to a (XTtain maximum density, 
possibly that of atomic nuclear material, 
which is a hundred million million times 
denser than water; that it will then begin 
to expand again-and so on through the 
cycle od infinitum. The other model is a 
**hyperholic*’ one: it suggo.sts that from 
an infinitely thin state an eternity ago 
the universe contracted until it reached 
the maximum density, from which it 
rebounded to an unlimited expansion 
which will go on indefinitely in the 
future. 

The question whether our universe is 
actually "pulsating" or "hyi>erbolic” 
should be decidable from the present 
rate of its expansion. The situation is 
an.ilogous to the case of a rocket shot 
fn)m tlic surface of the earth. If the 
velocity of the rocket is less than seven 
miles per set'ond—the “escape velocity*'— 
the rocket will climb only to a certain 


SPHKRlCAL I Nl\ FR5E of Kin^lein may be ffprr^cnird in dimmsion^ by a r)lindcr 
</<*/<» lu coordinolex \%crt puviliv^ly curved but its lime coordinate Mraigbl. 

The tpfirrical uiuver«e of Wiflem dr Sitter h.id po*Hivol> curved roordinntefi tri>hl). 
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height and then fall back to the earth. 
(If it were completely elastic, it would 
bounce up again, etc., etc.) On the 
other hand, a rocket shot with a velocity 
of more than seven miles per second 
wU escape from the earth s gravitational 
field and disappear in space. The case 
of the receding system of galaxies is very 
similar to that of an escape rocket, ex* 
cept that instead of just hvo interacting 
bodies (the rocket and the earth) we 
have an unlimited number of them es* 
caping from one another. Wc find that 
the galaxies are fleeing from one an* 
other at seven times the velocity neces¬ 
sary for mutual escape. 

Thus we may conclude that our uni¬ 
verse corresponds to the ‘Tiyperbolic"* 
model, so that its present expansion will 
never stop. We must make one reserva¬ 
tion. The estimate of the necessary es* 
cape velocity is based on the assumption 
that practically all the mass of the uni¬ 
verse is concentrated in galaxies. If inter- 
galactic space contained matter whose 
total mass was more than seven times 
that in the galaxies, we would have to 
reverse our conclusion and decide that 
the universe is pulsating. There has been 
no indication so far, however, that any 
matter exists in intergalactic space, and 
it could have escaped detection only if 
it were in the form of pure hydrogen gas, 
without other gases or dust. 

Ts the universe finite or infinite? This 
^ resolves itself into the question: Is the 
curvature of space positive or negative- 
closed like that of a sphere, or open like 
dmt of a saddle? We can look for the 
answer by studying the geometrical prop¬ 
erties of its three-dimensional space, just 
as wc examined the properties of figures 
on two-dimensional surfaces. The most 
convenient property to investigate astro¬ 
nomically is the relation between the vol¬ 
ume of a sphere and its radius. 

We saw that, in the hvo-dimensional 
case, the area of a circle increases with 
increasing radius at a faster rate on a 
negatively curved surface than on a 
Euclidean or flat surface; and that on a 
positively curved surface the relative 
rate of increase is slower. Similarly the 
increase of volume is faster in negatively 
curved space, slower in positively curved 
space. In Euclidean space the volume 
of a sphere would increase in proportion 
to the cube, or third power, of the in¬ 
crease in radius. In negatively curved 
space the volume would increase faster 
than this; in positively curved space, 
slower. Thus if we look into space and 
find that the volume of successively 
larger spheres, as measured by a count 
of (he galaxies within them, increases 


faster than the cube of the distance to 
the limit of the sphere (the radius), we 
can conclude that the space of our uni¬ 
verse has negative curvature, and there¬ 
fore is open and infinite. By the same 
token, if the number of galaxies increases 
at a rate slower than the cube of the dis¬ 
tance, we live in a universe of positive 
cur\'ature—closed and finite. 

Following this idea, Hubble under¬ 
took to study the increase in number of 
galaxies with distance. He estimated the 
distances of the remote galaxies by their 
relative faintness: galaxies vary' consid¬ 
erably in intrinsic brightness, but over 
a very large number of galaxies these 
variations are expected to average out. 
Hubble’s calculations produced the con¬ 
clusion that the universe is a closed 
system—a small universe only a fev^’ bil¬ 
lion light-years in radius! 

We know now that the scale he %>’as 
using was wrong: with the new yardstick 
the universe would be more than twice 
as large as he calculated. But there is 
a more fundamental doubt about his 
result The whole method is based on the 
assumption that the intrinsic brightness 
of a galaxy remains constant. \Vhai if it 
changes with time? Wc are seeing the 
light of the distant galaxies as it was 
emitted at widely different times in the 
past—500 million, a billion, two billion 
years ago. If the stars in the galaxies are 
burning out, the galaxies must dim as 
they grow older. A galaxy two billion 
light-years away cannot be put on the 
same distance scale with a galaxy 500 
million light-years away unless we lake 
into account the fact that we are seeing 
the nearer galaxy at an older, and less 
bright, age. The remote galax)' is farther 
away than a mere comparison of the 
luminosity of the two would suggest. 

When a correction is made for the 
assumed decline in brightness with age, 
the more distant galaxies are spread out 
to farther distances than Hubble as¬ 
sumed. In fact, the calculations of vol¬ 
ume are changed so drastically that we 
may have to reverse the conclusion about 
the curvature of space. We are not sure, 
because we do not yet know enough 
about the evolution of galaxies. But if we 
find that galaxies wane in intrinsic 
brightness by only a few per cent in a 
billion years, we shall have to conclude 
that space is curved negatively and the 
universe is infinite. 

Actually there is another line of rea¬ 
soning which supports the side of in- 
firuty. Our universe seems to be hyper¬ 
bolic and ever-expanding. Mathemat¬ 
ical solutions of fundamental cosmolog¬ 
ical erjuations indicate that such a uni¬ 
verse is open and infinite. 




PULSATING AND HYPERBOLIC uni- 
verse* are represented by curves. Tbe 
pulutinx universe at the top repeatedly ex* 
pandi to a maximum permissible den&ii> 
and contracts to a minimum permissible 
density. The hyperbolic universe ot the bot* 
loin contracts and then expands indehniicly. 


We have reviewed the questions that 
dominated the thinking of cosmologists 
during the first half of this century’: 
the conception of a four-dimf*nsion;\l 
space-time continuum, of cun ed space, 
of an expanding universe and of a cosmos 
which is either finite or infinite. Now we 
must consider the major present issue in 
cosmolog)'; Is the universe in truth evolv¬ 
ing, or is it in a steady state of t^iuilibri- 
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um which has always existed and svill go 
on through eternity? Most cosmologists 
take the evolutionary view. But in 1951 
a group at the University of Cambridge, 
whose chief spokesman has been Fred 
Hoyle, advanced the steady-state idea. 
Essentially their theory is that the uni¬ 
verse is infinite in space and time, that 
it has neither a beginning nor an end, 
that the density of its matter remains 
constant, that new matter is steadily 
being created in space at a rate which 
exactly compensates for the thinning of 
matter by expansion, that as a conse¬ 
quence new galaxies are continually be¬ 
ing bom, and that the galaxies of the 
universe therefore range in age from 
mere youngsters to veterans of 5, 10, 
20 and more billions of years. In my 
opinion this theory must be considered 
very' <juestionablc because of the simple 
fact (apart from other reasons) that the 
galaxies in our neighborhood all seem 
to be of the same age as our own Milky 
Way. But the issue is many-sided and 
fundamental, and can be settled only by 
extended study of the universe as far as 
we can observe it. Here I shall summarize 
the evolutionary theory. 

We assume that the universe started 
from a very dense state of matter. In the 
early stages of its expansion, radiant 


energy was dominant over the mass of 
matter, We can measure energy and 
matter on a common scale by means 
of the well-known equation E=mc®, 
which says that the energy equivalent 
of matter is the mass of the matter 
multiplied by the square of the velocity 
of light Energy can be translated into 
mass, conversely, by dividing the ener¬ 
gy quantity by Thus we can speak 
of the **mass density"" of energy. Now 
at the beginning the mass density of 
the radiant energy was incomparably 
greater than the density of the matter 
in the universe. But in an expanding 
system the density of radiant energy 
decreases faster than does the density 
of matter. The former thins out as the 
fourth power of the distance of expan¬ 
sion: as the radius of the system dou¬ 
bles, the density of radiant energy drops 
to one sixteenth. The density of matter 
declines as the third power; a doubling 
of the radius means an eightfold in¬ 
crease in volume, or eightfold decrease 
in density. 

Assuming that the universe at the 
beginning was under absolute rule by 
radiant energy', we can calculate that 
the temperature of the universe was 230 
million degrees when it was one hour old, 
dropped to 6,000 degrees (the present 


temperature of our sun's surface) when 
it was 200,000 years old and had faUen 
to about 100 degrees below the freezing 
point of water when the universe reached 
its 250-mi)Iionth birthday. 

This particular birthday was a crucial 
one in the life of the universe. It was 
the point at which the density of ordinary 
matter became greater than the mass 
density of radiant energy, because of the 
more rapid fall of the latter [see chart on 
ihii page]. Tlie switch from the rei^ of 
radiation to the reign of matter pro¬ 
foundly changed matter s behavior. Dur¬ 
ing the eons of its subjugation to the 
will of radiant energy (i.e., light), it 
must have been spread uniformly 
through space in the form of thin gas. 
But as soon as matter became gravita¬ 
tionally more important than the radiant 
energy, it began to acquire a more in¬ 
teresting character. James Jeans, in his 
classic studies of the physics of such a 
situation, proved half a century ago that 
a gravitating gas filling a very large 
volume is bound to break up into indi¬ 
vidual "'gas balls,*" the size of which is 
determined by the density and the tem¬ 
perature of the gas. Thus in the year 
250,000,000 A. B. E. (after the begin¬ 
ning of expansion), when matter was 
freed from the dictatorship of radiant 
energy, the gas broke up into giant gas 
clouds, slowly drifting apart as the uni¬ 
verse continued to expand. Applying 
Jeans's mathematical formula for the 
process to the gas filling the universe at 
that time, 1 have found that these pri¬ 
mordial balls of gas would have had just 
about the mass (diat the galaxies of stars 
possess today. They were then only "‘pro- 
togalaxics'^cold, dark and chaotic. But 
their gas soon condensed into stars and 
formed the galaxies as we see them now, 

A central question in this picture of 
^ the evolutionary universe is the 
problem of accounting for the formation 
of the varied kinds of matter composing 
it—i.e., the chemical elements. My be¬ 
lief is that at the start matter was com¬ 
posed simply of protons, neutrons and 
electrons. After five minutes the universe 
must have cooled enough to |>ermit the 
aggregation of protons and neutrons into 
larger units, from deutcrons (one neu¬ 
tron and one proton) up to the heaviest 
elements. This process must have ended 
after about 30 minutes, for by that time 
the temperature of the expanding uni¬ 
verse must have dropped below the 
threshold of thermonuclear reactions 
among light elements, and the neutrons 
must have been used up in element- 
building or been converted to protons* 



RELATIVE DENSITY OF MATTER AND RADIATION 19 reversed during the history of 
on cvoiulionjry universe. Up to 2S0 miUion yeor» (broken vertical linet the maes density of 
rodioiion (solid curve) greoter than that of mollcr (broken curve), Aiier that the denriiy 
of matter i$ greater, permitting the formation of huge gos cloude.The gray line ii the present. 
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HEllUM 4 
DEUTERIUM 
HYDROGEN 1 
NEUTRONS 


TIME IMINUTESI 

THERMONUCLEAR REACTIONS iurinr. ihe first 
30 minutei of an cToIniionary universe may, Garoow 
believes, arcount for the present assortment of ele¬ 
ments. Neutrons fuse with protons (hydrogen 1) to 
form deuterium (hydrogen 2> and helium 4. The 
deuterium is then built up into the heavier elements. 


To many a reader the statement that 
the present chemical constitution of our 
universe was decided in half an hour five 
billion years ago will sound nonsensical. 
But consider a spot of ground on the 
atomic proving ground in Nevada where 
an atomic bomb was exploded three 
years ago. Within one microsecond the 
nuclear reactions generated by the bomb 
produced a variety of fission products. 
Today. 100 million million microseconds 
later, the site is still "hot” with the sur¬ 
viving fission products. The ratio of one 
microsecond to three years is the same as 
the ratio of half an hour to five billion 
years! If we can accept a time ratio of 
this order in the one case, why not in the 
other? 

The late Enrico Fermi and Anthony 
L. Turkevich at the Institute for Nuclear 
Studies of the University of Chicago 
undertook a detailed study of thermonu¬ 
clear reactions such as must have taken 
place during the first half hour of the 
universe's expansion. They concluded 
that the reactions would have produced 
about equal amounts of hydrogen and 
helium, making up 99 per cent of the 
total material, and about 1 per cent of 
deuterium. We know that hydrogen and 
helium do in fact make up about 99 per 
cent of the matter of the universe, "niis 
leaves us with the problem of building 
the heavier elements. I hold to the opin¬ 
ion that some of them were built by 
capture of neutrons. However, since the 
absence of any stable nucleus of atomic 
weight 5 makes it improbable that the 
heavier elements could have been pro¬ 
duced in the first half hour in the abun¬ 
dances now observed, 1 would agree that 
the lion’s share of the heavy elements 
may well have been formed later in the 
hot interion of stars. 

All the theories—of the origin, age, ex¬ 


tent, compo-sition and nature of the 
imiverse—are becoming more and more 
subject to test by new instruments and 
new techniques. In the coune of his red- 
shift investigations, Allan Sandage has 
reported a tentative finding that the ex¬ 
pansion of the universe may be slowing 
down. If this is confirmed, it may indi¬ 
cate that we live in a pulsating universe. 
But we must not forget that the estimate 


of distances of the galaxies is still founded 
on the debatable assumption that the 
brightness of galaxies does not change 
with time. If gah-ixies actuaUy dimin¬ 
ish in brightness as they age. the calcula¬ 
tions cannot be depended upon. Thus 
the question whether evolution is or is 
not taking place in the galaxies is of 
crucial importance at the present stage 
of our outlook on the universe. 
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THE PRINCIPLE OF UNCERTAINTY 


by George Gamow 


This rule of modern physics, which states that events at the atomic 
level cannot be observed with certainty, helps resolve the paradox 
that panicles sometimes behave like waves and waves like panicles. 


I t may seem a paradox that one of the 
cornerstones of modem physics is 
something called the principle of 
uncertainty. The idea of indeterminacy, 
as a nile of science does, in fact, disturb 
many 20th<entury philosophers. But 
the uncertainty principle has proved a 
powerful answer—so far the most fruit- 
ful—to many of the most important 
questions in present-day physics. It is a 
timely moment to review how physicists 
arrived at the principle and to explore 
its meaning. 

Our starting point is the classical view 
of the motion of a body. The concept of 
the trajectory of a moving object is as 
old as the human mind. The prehistoric 
caveman who threw a stone or a spear 
had a mental picture of its flight which 
told him that if he threw it in the right 
direction with the right speed, it would 
hit his prey. This basic idea of a trajec¬ 
tory' l)ccamc the foundation of men’s 
concepts concerning the nature of mo¬ 
tion, and in the 18th and 19lh centuries 
mathematicians were able, on these prin¬ 
ciples, to calculate the motions of the 
planets with an accuracy to within an 
infinitesimal fraction of 1 per cent. But 
at the break of the 20th century a funda¬ 
mental revolution occurred in physics. 
Men suddenly discovered that the classi¬ 
cal laws of mechanics and energy which 
worked perfectly within the realm of 
ordinary experience did not work so well 
in the realm of the great cosmos on the 
one hand or the interior of the atom on 
the other. To resolve the baffling contra¬ 
dictions that turned up. Albert Einstein 
created a new relativistic vicsv of space, 
time and motion, while explorers of the 
atom produt'od the <|uantum theory. The 
new ideas were so strange th.it tliey c-on- 
tradicted C'ommon sense, just as the no¬ 
tion that the earth was round had vio¬ 
lated common sense in .to earlier day 
when mcMi thought tlu* earth must be 


flat as a pancake because their own back- 
vards and the land and oceans as far as 

f 

they could see appeared flat. But like 
Magellan, whose voyage around the 
world proved that the earth was a globe, 
physicists in the 20th century soon 
brought forth proof that the new theo¬ 
ries were a better description of physical 
nature than the comfortable old classical 
ideas. 

In the atomic realm, two discoveries 
especially confounded common sense 
and common experience. One was the 
behavior of light. As a result of work by 
Max Planck, Einstein and others, it de¬ 
veloped that light was made up of dis¬ 
crete packets of energy, named photons. 
The energy of the photons varied with 
the frequency (or wavelength) of the 
light: it could he stated precisely as hv, 
h standing for Planck’s constant and v 
for the frequency. Matter entittod and 
absorbed light only in certain definite 
<|uanta (photons). Because even dim 
light consists of billions of photons, we 
cannot detect its '"grainincss.” But the 
existence of photons, as well as their 
obedience to the rule that their energy 
depends on frequency, was elegantly 
proved by Einstein's analysis of the pho¬ 
toelectric effect (ejection of electrons 
from a metal surface by light) and by 
Arthur Holly Compton s discovery' of the 
"Compton effect” (changes in the fre- 
<juency of X-rays when they lose energy 
in collisions with electrons). 

Waves or Particles? 

The proof of the existence of photons 
placed the classical thcor\’ of light in a 
very awkward position. Light was sup- 
|>osed to be made up of waves, and its 
properties of interference and diffrac¬ 
tion showed that it did behave like 
waves. Yet here it was behaving like 
particles! To resolve this crisis, physicists 


had to accept the bizarre notion that 
light had the nature, at one and the 
same time, both of waves and of parti¬ 
cles. They tried to picture it as a stream 
of photons which was given a wave mo¬ 
tion by some kind of guiding "field.** The 
picture admittedly was unsatisfactory', 
but it was the best they could do. 

If this flew in the face of common 
sense, there was worse to come. It next 
turned out that particles behave like 
waves! The embarrassment grew out of 
Niels Bohr's famous model of the atom. 
He pictured the electrons as whirling 
around the nucleus in certain prescribed 
orbits: that is, they were permitted to 
possess only certain quanta of mechani¬ 
cal energy. When an electron dropped 
from one orbit to another, it gave up a 
(juantum of energy in the form of lights 
a photon. 

It was not clear what kept the elec¬ 
trons in their orbits or why they should 
occupy precisely the orbits that they did. 
but Louis dc Broglie of France soon 
came fonvard with an answer. He sug¬ 
gested that the electrons were guided 
by waves that accompanied their mo¬ 
tion. The nature of these "waves" was. 
of course, mysterious, but de Broglie 
found striking mathematical support for 
his idea. Bohr had noted that if his 
model was correct, the distances of the 
successive electron orbits from the nu¬ 
cleus of the atoms must be in the ratio 
of the sejuares of whole numbers—that is, 
1, 4, 9, 16 and so on. This indicated the 
relative lengths of the circular orbits. If 
the motions of the electrons were guided 
by waves, then obviously in each orbit 
the length of the waves had to be such 
that some whole number of waves fitte<l 
exactly into the length of the orbit [see 
dutg^ram on page 89). Taking the hy- 
<lrogen atom as u simple case, dc Broglie 
calculated that the postulated pilot 
waves would fit in Bohr's orbits if the 
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length of the wave in each case was pre* 
dsely equal to Planck s constant divided 
by the mass and the velocity of the elec* 
iron in that orbit. 

From this basic idea of de Broglie, 
developed further by Erwin Schrodin- 
ger, came the system called *"wave me¬ 
chanics,” a powerful theoretical tool in 
explaining the dynamics of the atom. 
Very shortly, howevei, the existence of 
de Broglie’s pilot waves was demon¬ 
strated by a proof more tangible than 
mathematical consistency. C. J. Davis¬ 
son and L. H. Germer of the Bell Tele¬ 
phone Laboratories performed their his¬ 
toric experiment showing that a beam 
of electrons reflected from a crystal pro¬ 
duces a diffraction pattern—the acid test 
of wave motion (see ""Davisson and Cer- 
mer,” by Karl K. Darrow; Scientific 
American, May, 1948]. And the “wave¬ 
length" of the electrons agreed exactly 
with de Broglie’s formula. 

So the distinction between waves and 
particles all but vanished. Light waves 
behaved like particles, and particles be¬ 
haved like waves. Common sense reeled. 
Whereas in the good old classical physics 
waves were waves and particles were 
particles, now one had to deal with 
waves possessing properties of particles 
and particles possessing properties of 
waves. Classical lines of thought could 
not cope with such a paradox. It was .at 
this point that Werner Heisenberg en¬ 
tered to rescue common sense from total 
confusion. His solution was the principle 
of uncertainty. 

A Thought Experiment 

Heisenberg went back to the root of 
the trouble: the attempt to apply or¬ 
dinary rules and methods of observation 
to phenomena on the atomic scale. In 
the world of everyday experience we 
can observe any phenomenon and meas¬ 
ure its properties without influencing 
the phenomenon in question to any sig¬ 
nificant extent. To be sure, if we try to 
measure the temperature of a demitasse 
with a bathtub thermometer, the instru¬ 
ment will absorb so much heat from the 
coffee that it will change the coffee’s 
temperature substantially. But with a 
small chemical thermometer we may get 
a sufBciently accurate reading. Wc can 
measure the temperature of an object as 
small as a living cell with a miniature 
thermocouple, which has almost negligi¬ 
ble heat capacity. But in the atomic 
world we can never overlook the disturb¬ 
ance caused by the introduction of the 
measuring apparatus. The energies on 
this scale are so small that even the most 




PHOTOELECTRIC EFFECT detnonstralet that lighl wavee alto behava like particles. The 
circlet in tbit diagram are the atemt ol a metal. Tbe black dolt within the circlet are 
eleclront which can be expelled from the metal by light. The wavy linet are light wQvei; 
tbe colored dott, their aitociated particlet or qoanta. In the lop picture light expelt a tingle 
electron from the metal. In the bottom pictore light of the tame wavelength hot greater 
intentity expelt two eleclront, each of which hat the tame energy at that of the firtt electron. 
Tbit it explained on the batit that although there are more quanta auociated with the 
tecond light wave, each quantum hat the tame energy at each quantum attocbled with the 
firtt light wave. On the batit of cbttical phytict, which doei not include tbe quantum 
concept, tbe wave of greater intentity or amplilode thould expel electroni of greater energy. 
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COMPTON EFFECT ehows that X-r^y quanta icolortd balls) de¬ 
flected by electrons ibUtck balls) lose energy according to their 


angle of deflection. That lu o quantum deflected at a large angle 
(I) retains more energy than one deflected at a small angle (2), 
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TFfOUGlIT EXPERIMENT of Werner Heisenberg imagined a means of single quanta. This illustrated his principle that phenom 

microscoiie which would detect a single electron (black dot) by ena at the atomic level cannot be observed without changing them 
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ELECTRON WAVES fitted into dlwrete orbits were saggetted by Loait de Broglie ai the 
expUnation of the discrete energy levels of the atom. In this schematic diagram the inner 
orbit consists of one wave; ibe second orbit, of two waves; the ooter orbit, of three waves. 
The radii of the orbits woold be in the ratio of those numbers squared: one. fonr and nine. 


gently performed measurement may re¬ 
sult in substantial disturbances of the 
phenomenon under observation, and we 
cannot guarantee that the results of 
measurements actually describe what 
would have happened in the absence of 
the measuring devices. The observer and 
his instruments become an integral part 
of the phenomenon under investigation. 
Even in principle there is no such thing 
as a physical phenomenon per se. In all 
cases there is an absolutely unavoidable 
interaction between the observer and the 
phenomenon. 

Heisenberg illustrated this by a de¬ 
tailed consideration of the problem of 
trying to track the motion of a material 
p^cle. In the gross world we can fol¬ 
low the flight of a ping-pong ball with¬ 
out affecting its trajectory one iota. We 
know that light exerts pressure on the 
hall, but we do not have to play ping- 
pong in a dark room (assuming it were 
possible), because the pressure of light 
is much too small to make any difference 
in the ball’s flight. But substitute an 
electron for the ping-pong ball, and the 
situation becomes quite different. Hei¬ 
senberg examined die .situation with a 
Cedai^nexperiment ("thought experi¬ 
ment"), a device which was first used by 
Einstein in his discussion of the theory 
of relativity 

In such an exercise the exi>erimenter 
is allowed an "ideal workshop" in which 
he can make any kind of instrument or 
gadget-provided that its design and 
functioning do not contr.adict ba.sic laws 
of physics. For example, he can have a 
rocket that moves with almost the speed 
of light, hut not more than the speed of 
light; or lie may n.se a light source which 
cmiLs just a single photon, hut not h.'ilf a 
photon. Heisenberg ctjuipped himself 
with an ideal setup for observing the 
flight of an electron. He imagined an 
electron gun which could shoot a single 
electron horizontally in a completely 
evacuated chamber-barren of even a 
single air molecule! His light came from 
an ideal source which could emit pho¬ 
tons of any desired wavelength and in 
any desired number. And he could 
watch the movement of the electron in 
the chamber through an ideal micro¬ 
scope which could be tuned at will over 
the whole range of the spectrum, from 
the longest radio waves to the shortest 
gamma rays. 

The Errant Electron 

What will happen when an electron 
Is fired in the chamber? According to 
our classical textbooks on mechanics, the 
particle should follow a trajectory known 


us a parabola. But actually, the moment 
a photon strikes it the electron will re¬ 
coil and change its velocity. Observing 
the particle at successive points in its 
motion, we shall find it taking a zigzag 
course because of the photon impacts. 
Let us, then, since we have an ideally 
flexible instrument, minimize the im- 
|}.icts by reducing the photons’ energy. 


which we can do by using light of lower 
frequency. In fact, by going to the limit 
of infinitely low frequency (which is 
possible in our apparatus) we can make 
the disturbance of the electron’s motion 
as small as we wish. But here comes a 
new difficulty. The longer the wave¬ 
length of the light, the less able we are 
to define the object, because of the dif- 



SMALL INDICATORS (larger dots) could b« a$ed to truce the pith of a particle fired 
from 0 gun (upper left). But the smaller the indicaloro, the more they disturb the path. 
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TRAJECTORY OF A MOVING PARTICLE u schematically ob¬ 
served with qaanU ol three different wavelengths. The trajectory 
ol the unobserved particle is indicated by the broken line in each 
drawing. At left the quanta hove low energy and long wavelength; 


they disturb the trajectory of the particle very little hoi only haiUy 
indicate its path. In center the qoanU have mediom energy and 
mediom wavelength; they disturb the trajeetory somewhat bnl nar¬ 
row the indication of its path. At right the qoanU have high energy 


fraction effect. So we can no longer find 
the exact position of the electron at any 
given instant. Heisenberg showed that 
the combined uncertainty in position 
and in velocity (i.e., the product of the 
two uncertainties) can never be smaller 
than Planck's constant divided by the 
mass of the particle. 

So with very short waves we can de¬ 
fine the positions of a moving particle 
sharply but will interfere greatly with 
its velocity, while with very long waves 
we can determine its undisturbed veloc¬ 
ity but become very uncertain about its 
positions. Now wc can choose a middle 
ground between these uncertainties. If 
wc use some optimal intermediate wave¬ 
length of light, we will disturb the parti¬ 
cle's trajector)' only moderately and still 
be able to define its path to a fairly 
close approximation [see diagrams at top 
oj these two pages]. The observed path, 
expressed in classical terms, will not be 
a sharp line, but at least it will be con¬ 
fined within a band. Describing the tra¬ 
jectory of an electron in this way gives 
us 110 difficulty in a case such as a tele¬ 
vision picture tube, where the "thick¬ 
ness" of the electron s path to the screen 
is very much smaller than the diameter 
of the spot formed on the screen by the 
electron beam. Here wc can represent 
the electroirs trajectory satisfactorily by 
a line, But we cannot describe the orbit 
of an electron inside an atom in the same 
terms. The band of uncertainty is about 
as wide as the distance of the orbit from 
the nuclcusl 

Suppose we give up the attempt to 
track a moving particle with light and 
try tho cloud-chambcT method instead. 


In our hypothetical workshop we build 
an ideal '‘cloud chamber" which is com¬ 
pletely evacuated of material particles 
but is filled with very tiny imaginary 
"indicators” that become "activated" 
whenever an electron passes close by. 
The activated indicators would show the 
track of the moving particle just as water 
droplets do in a real cloud chamber [see 
diagram at bottom of page S9]. 

Classical mechanics would say that in 
principle the indicators could be made 
small enough and delicately responsive 
enough so that they would subtract no 
significant amount of energy from the 
moving particle and we could observe 
its trajectory with any desired precision. 
But quantum mechanics finds a funda¬ 
mental objection to this procedure. One 
of its rules is: The smaller the system, 
the larger its quanta (minimum amount) 
of energy. Thus as the size of the "indi¬ 
cators" was reduced (for more precise 
measurement of the electrons posi¬ 
tions), they would take more energy 
from the passing particle. The situation 
is quite analogous to the fatal difficulty 
in trying to track a particle by means of 
light, and wc again arrive at the same 
relation for the uncertainties. 

Particles Guided by Waves 

Whore does all this leave us? Heisen- 
bci^g concluded that at the atomic level 
we must give up the notion of the tra¬ 
jectory' of an object as a mathematical 
(i.e.v infinitely thin) line. This concept 
is accurate enough when wc deal with 
phenomena in the realm of ordinary ex¬ 
perience, where we can thirds of a mov¬ 


ing object as held in its path by a kind 
of railroad track. But in the small world 
of photons and the atom, individual mo¬ 
tions and events are not so firmly pre¬ 
determined. Photons and material par¬ 
ticles such as electrons and protons 
move over a range under the guidance 
of waves. The important point is that the 
guidance is performed in a probabilistic 
rather than a strictly deterministic way. 
We can measure only the pfohabUttxj 
that a photon will sti^e a given point 
on a screen, or that a material particle 
will be found in a given place at a given 
instant. 

I must make clear that the word 
"probability" here is used in a rather 
different sense from the way it is usually 
understood in classical physics and 
everyday life. When we say in a game 
of poker that there is a certain probabili¬ 
ty of drawing a royal flush, we mean 
only that we have to estimate the 
chances because we do not know the 
arrangement of the cards in the pack. 
If we knew exactly how the cards were 
stacked, we could predict definitely 
whether wc would get a royal flush or 
not. Classical physics assumed that the 
same was true of a problem such as the 
behavior of a gas: its behavior had to be 
described on the basis of statistical prob¬ 
ability only because of incomplete 
knowledge—if we were given the posi¬ 
tions and velocities of all the particles, 
we could predict events within the gas 
in full detail. The uncertainty principle 
cuts the grovind from under that idea. 
We cannot predict the motions of indi¬ 
vidual particles because we can never 
know the initial conditions exactly in the 




91 



and ihort wavelen^h; «ach quantom ehar|v 
ly locates the particle but completely dls« 
lurbs its trajectory. Thus the trajectory n 
at the most be only roughly approximated. 

first place. It is impossible m principle 
to obtain an exact measurement of both 
the position and the velocity of a parti¬ 
cle on the atomic scale. 

A look at Heisenberg's formula for 
measuring uncertainty shows why we 
can disregard the principle of uncer¬ 
tainty and safely trust the good old prin¬ 
ciple of determinism when we deal with 
matter on the macroscopic scale. The 
uncertainty, as I have mentioned, is 
e<{ual to Planck s constant h divided by 
the mass of the particle. Plancks con¬ 
stant is an extremely small quantity: its 
numerical value amounts to only about 
10*^^ in centimeter-gram-second units. 
When we consider a particle weighing 
as much as one milligram, we can in 
principle simultaneously determine its 
position within a trillionth of a centi¬ 
meter and its velocity within a trillionth 
of a centimeter per second-or 30 mi¬ 
crons per century! 

Heisenberg's principle was developed 
by Bohr into a new philosophy of phys¬ 
ics. It called for a profound change in 
our ideas about the material world-ideas 
that we acquire in ordinary experience 
from early childhood. But it allowed 
many puzzles of atomic physics to make 
sense. Above all, it extricated us from 
the wave-particle paradox. The uncer¬ 
tainty principle showed that the wave 
and particle ideas are mutually comple¬ 
mentary ways of describing nature. 

Many physicists readily accepted the 
new view. Others did not like it at all. 
To the latter group belonged Albert 
Einstein. His philosophical convictions 
about determinism did not permit him 
to elevate uncertainty to a principle. And 
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just as skeptics were trying to find con- ideal apparatus of his cum (which I 
tradictions In his theory of relativity, later actually built in wood and metal 

Em^ein tried to discover contradictions as Bohr's student, for his use in lectured 

m the uncertainty principle of quantum on the subject). Bohr attacked the ques- 
physics. However, his efforts led only to lion of weighing Einstein's box. A spring 
strengthening of the principle of uncer- scale equipped with a pointer recording 
tainty. This is interestingly illustrated by the weight on a vertical column placed 
an incident that took place at the sixth alongside is. he said, as good as any 
Intemahonal Solvay Congress on Phys- Now since the box must move vertically 
ICS, in Bnissels in 1930. with a change in its weight, there will 

In a discussion at which Bohr was be an uncertainty in its vertical velocity 

present, Emrtein performed a “thought and therefore an uncertainty in its height 

experiment. Arguing that time was a above the table. Bohr pointed out Fur- 

fourth coordinate of space-time and that ihermore. the uncertainty about its ele- 

energy was a fourth component of mo- vation above the earth's surface will re- 

mentum (mass times velocity), he said suit in an uncertainty in the rate of the 

that Heisenberg's uncertainty equation dock, for according to the theory of 

implied that the uncertainty in time was relativity the rate depends on the clock's 

related to the uncertainty in energy, the relative position. Bohr proceeded to 

product of the two being at least equal show that the uncertainties of time and 

to Planck s constant h. Einstein set out of the change in the box's mass would 

to prove that this was not the case-that indeed have the relation which Einstein 

the tune and the energy could be deter- had tried to disprove, 

mined without any uncertainty. Consid- Einstein, bitten by his ovs-n argument 
er. he said, an ideal box. lined with per- had to agree that Heisenberg's concept 

feet mirrors, which could hold radiant was free of internal conlradirtions but 

energy indefinitely. Weigh the box. Then to the very end of his life he refus^ to 

at a chosen instant some time later a accept the uncertaii ty principle and re- 

cloclrtvork, preset like a time bomb, \vill mained hopeful that physics would some 

open an ideal shutter to release just day return to the deterministic point of 

one photon. Now weigh the box again, view. 

The change of mass tells the energy During the past decade the validity 
of the emitted photon. In this man- of the uncertainty principle has been 

ner, said Einstein, one could measure argued voluminously, both by writers 

the energy emitted and the time it was who understand the problems at issue 

released with any desired precision, and by writers who do not. Up to the 

in contradiction to the uncertainty present this so-called “Copenhagen in- 

pn^iple. terpretation of the quantum theory" has 

The next morning, after an almost stood its ground. In my opinion and in 

sleepless night. Bohr delivered a mortal the opinion of many other theoretical 

blow to Einstein's disproof. He offered a physicists, the uncertainty principle will 

counter thought experiment with an stand its ground indefinitely. 



ELECTRON WAVK WERE DISCOVERED by C. J. D,vi.,oD .nd L. H. Germ.r .hen 

they observed that . beam of electron, (le/i) wa, deaecled at «veral discrete anric. . right I 
by a cryrtal J.u.ce (bottom). Thi. i, char.cleri.tic of diffraction, a wave phenomenon. 
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ELEMENTARY PARTICLES 


by Murray Gell-Mann and E. P. Rosenbaum 


An account of the abstract theoretical ideas which physicists 
use to help them understand the material world. These Ideas 
begin to show some order In the jumble of subatomic particles. 



There is no excellent beauty that hath 
not some strangeness in the proportion, 

^Francis Bacon 

T his aphorism quoted from Bacon is 
doubtless true of science as well as 
art. But is too much strangeness 
not fatal to beauty? For years strange¬ 
ness has afflicted one of the basic con¬ 
cerns of physics: the nature of matter. 
When physicists considered matter on 
the smallest scale, it appeared to be an 
arbitrary jumble of elementary particles. 
No simple and orderly relationship 
among the particles could be perceived. 
Now at last the picture seems to be 
clearing up a bit. The very word 
‘'strangeness” has passed into the vocab¬ 
ulary of physics, but its share ”in the 
proportion” is being reduced to a point 
where the beauty of order can be seen. 

The new regularity can best be ap¬ 
preciated against the chaotic back¬ 
ground from which it is emerging. To 
begin we should go back some 30 years 
to one of the most triumphant periods in 
the history of science. T^e theory of the 
atom sto<^ essentially complete: nearly 
all the properties of ordinary matter 
could be mathematically deduced in 
terms of the motions of negatively 
charged electrons around positively 
charged nuclei. Most of the problems 
with which physics and chemistry had 
grappled during the preceding centu¬ 
ries were in principle solved. But at that 
time physicists began seriously to probe 
the interior of the atomic nucleus. 

Then their troubles began. They soon 
learned that the nucleus is made up of 
protons and neutrons, but they could 
not explain nuclear properties only in 
terms of these constituents. Indeed, we 
still do not know exactly what their mo¬ 
tions are. Furthermore it turned out that 
when a nucleus is shattered, entirely new 


types of matter are created—a bewilder¬ 
ing variety of short-lived particles which 
apparently do not exist within the atoms 
of ordinary material. Some of them were 
reasonably well accounted for when they 
turned up, but others fit nowhere in the 
physicist's scheme of nature. They were 
called ^strange” particles. 

The First Particles 

We are getting ahead of our story. We 
should begin in the early 1930s, when 
the atomic drama had only four charac¬ 
ters: the electron, proton, neutron and 
photon. The first three are the building 
blocks of atoms-protons and neutrons 
in the nucleus and electrons in the space 
around it. The photon is the quantum 
unit of radiation; i,e., it is the building 
block of the electromagnetic field. 

The photon always traveb with the 
velocity of light (denoted by the letter 
”c”); it can never be at rest. Because of 
its motion it possesses energy. It there¬ 
fore also possesses mass, according to 
the famous relation E » mc^. But the 
mass exists only by virtue of the motion. 
The electron, proton and neutron, on 
the contrary, can be at rest. Each has 
a mass when at rest and a correspond¬ 
ing rest energy. (When in motion, of 
course, they have additional energy and 
mass.) 

The electron is the lightest particle 
with any rest mass, and this mass is a 
basic unit in subatomic physics. The size 
of the electron s negative charge is like¬ 
wise a basic unit of electricity. In these 
units the proton has a mass of about 
1,836.1 and a charge of plus one; the 
neutron has a mass of about 1,838.6 and 
no charge. The photon, as we have said, 
has no rest mass; also it has no charge, 
although it is the carrier of electromag¬ 
netic energy. 


All these particles spin on their axes 
and, if they are charged, the spin makes 
them tiny magnets. According to the 
rules of quantum theory the spin has a 
fixed rate characteristic of the particle. 
In the system of units used in quantum 
theory, the characteristic spin of the 
electron, proton and neutron is 1/2; the 
spin of the photon is 1. 

There is a further limitation on the 
spinning motion of these particles. If 
they are magnets, they are affected by 
external magnetic fields. In quantum 
mechanics the spin axis of each particle 
can assume only a few fixed directions 
with respect to an outside field. A par¬ 
ticle with spin 1/2 can have two posi¬ 
tions: its axis can point with or against 
the field. A particle with spin I can have 



NEUTBAL K PARTICLE, fom^cd in o col¬ 
lision of 0 negative pion with a proton, 
decays into a pair of oppositely charged 
pions l$ce photograph on page 108 ). 



94 PHYSICAL SCIENCES 213 



SIGMA AND K PARTICLES are produced lofclher nhen a pion 
hits 3 prolon in ihe bubble rhatnber Tbr decays lo a pion 

und an Invisible neulron. The pion ihen hils a carbon nucleus and 


makes a The experimenu shown here and on the preceding 

page were performed by J. H. Steinberger, N. F. Saroioi^ R. J. 
Plano, F. R. Eislcr and M. Schwarit, all of Columbia Univereiiy. 


Oircc positions: its iixis can go with the 
field, por|>endiciilar lo or against the 
field [sec diofintm cm pof^r 99]. 

Another nnporlanl properly of par¬ 
ticles. related to spin, is their “statistics.” 
Electrons, protons and neutrons (and all 
other particles of spin 1*2) obey the 
famous exclusion pnnciple. Tins says 
that on)) one particle of a kind can oc- 
cupy »i given <jMantiim “.state.* Thus 
lli(‘ro can be onlv one electron at a tunc 
spinning in a particular direction and re- 
volving in a given orbit around a nu¬ 
cleus, Particles wlucli obev the exclusiiui 
principle arc sai<l to have PVrmi-Dirac 
statistics, ihev are accordinglv called 
fennions Particle.s like the photon (and 
all other particles whose spins are whole 
luinibiTs) do not obes the exclusion 
principle. Ihev h.ive llose-Einstcin sta¬ 
tistics and arc called liosons. 

Interac lions 

So far we have been talking mainlv 
about isolated particles. However. a.s will 
Ix'coine increasinglv evi<lent. all par- 
tides are “cxjupled” to one another: 


when they are close together, tlicy in¬ 
teract in various ways. The first such 
coupling lo be rcc'ogni^.ed and studied 
was the one between the electron and 
the photon. It is this relationship which 
underlie.s ({uantum electrodynaniics, the 
crowning achievement of atomic theor>\ 
Many physicists had a hand in the de¬ 
velopment of this thcon'. notably P. A. 
M. Dirac of England, Werner Heisen¬ 
berg of Germany and Wolfgang Pauli, 
now in Switzerland. Tlie thcor)' ex¬ 
plained the behavior of electrons in elec¬ 
tromagnetic fields by saying that each 
electron continuously emits and absorbs 
photons. This pulsation is. so to speak, 
a “vital process” of the electron, and 
it is the means bv which field and elec- 
Iron exert a force on each other. 

Wo should point out that what lias 
)ust been said docs hardly more than 
name the theor)'. In <|uantum mechanics 
a theorv' is u set of mathematical rcla- 
tiuns which, given the interacting parti¬ 
cles and tlie couplings between them, 
predicts tlicir behavior in detail by yield¬ 
ing the probability of over)' possible re¬ 
action among the particles. Sometimes, 


particularly when the couplings are 
very strong, the mathematics turns 
out to be too difficult. Then the theory 
is not much help. In quantum electro¬ 
dynamics, however, the mathematics is 
tractable, and this beautiful theory has 
succcssftilly predicted the outcome of 
every fundamental atomic experiment at 
least as accurately as physical measure¬ 
ments can be made. 

The basic ’‘reaction*’ of quantum elec¬ 
trodynamics, in which electrons emit 
and absorb photons, is an example of 
what is called a virtual process. This 
concept, which concerns all the ele- 
mentaiy particles, is peculiar to quantum 
thoor>'. It involves an apparent viola¬ 
tion of the law of the conservation 
of energy. The point is that a photon 
has energy'; thus when a photon is 
spontaneously emitted by an electron, 
it would appear that the total energy 
of the system has suddenly increased. 
Quantum theory' answers, in essence, 
that the photon is emitted and reab¬ 
sorbed so fast that the gain in energy 
cannot be delected, even in principle. 
That is what is meant by a virtual pro- 
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NEGATIVE XI PARTICLE decays into a neotral lambda and a 
negative pion. The lambda then decays into o proton and a second 
negative pion. The xi was produced by the collision of a high* 


energy cosmic ray with a nucleus in a lead plate. This photo* 
graph, which shows tracks in a cloud chamber below the plate, 
was made by E. W. Cowan of the California Institute of Technology. 


cess. If the photon is undetectable, the 
conservation of energy is effectively not 
violated because, according to quantum 
mechanics, laws deal only with observa¬ 
ble quantities. By adding enough en¬ 
ergy from the outside (for example, by 
accelerating the electron) the photons 
can be converted from virtual to real 
particles. 

Virtual photons are involved in every 
interaction between charged bodies and 
electromagnetic fields. The positive pro¬ 
ton is also coruidered to emit and ab¬ 
sorb virtual photons. Here, however, the 
theory is not quite so successful; its pre¬ 
dictions for protons are not as accurate 
as those for electrons. 

In an important sense the scheme we 
have described so far was complete and 
satisfactory. Between them the electron 
and photon sufficed to explain all the 
external properties of atoms; the pro¬ 
ton and neutron accounted for the ob* 
served charges of atomic nuclei and 
roughly for their masses. There was, to 
be sure, nothing in the theories to ex¬ 
plain why nature had chosen just these 
particles as her elementary building 


blocks; but given that she had, they 
came close to being all that was needed. 

Aniiparticles 

They did not come quite close enough. 
First of all, Diracs theory of the elec¬ 
tron predicted some additional particles 
[see column II of chart on next two 
pages]. It is well known that accord¬ 
ing to quantum theory a fundamental 
particle also has the properties of a 
wave. When Dirac $ wave equation for 
the electron was solved, it yielded a 
negative frequency as well as a posi¬ 
tive. Since frequency in quantum me¬ 
chanics is proportional to energy, it was 
at first hard to see what the nega¬ 
tive answer could mean. Dirac was able 
to prove that it does have a physical 
significance, and that it corresponds to 
an electron with positive charge. Fur¬ 
thermore, according to the theory, if 
a positive electron collided with a nega¬ 
tive electron, they would annihilate each 
other and their mass would be con¬ 
verted into photons with an equivalent 
amount of energy. Conversely, if enough 


energy could be concentrated in a small 
volume, as in a high-speed collision be¬ 
tween two particles, a positive and a 
negative electron could be created. 

These remarkable predictions were 
net actually made (although they were 
implied by the theory) until Carl D. 
Anderson of the California Institute of 
Technology discovered the positron. It 
had the mass of an electron and a unit 
of positive charge; when it met with 
a negative electron, the two were an¬ 
nihilated; it could be created, together 
with a negative electron, in energetic 
collisions. The positron is called the 
antiparticle of the electron because it 
cancels out an ordinar)' electron. 

There are similar equations for the 
proton and neutron, so they also have 
their antiparticics. These have only been 
detected during the past t%vo years (see 
‘The Aiitiproton,** by Emilio Segri^ and 
Clyde E. Wiegand; Scientific Ameiu- 
CAN Offprint 244], Even the photon has 
an antiparticle in a mathematical sense. 
Here, however, the two solutions to the 
equation can be interpreted in the same 
way and the photon and anti photon 
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are indistinguishable. To put it another 
way, the photon is its own antiparticle. 

The Neutrino 

The second necessary addition to the 
list of particles arose out of the be¬ 
havior of the neutron. Inside the nucleus 
a neutron can live indefinitely. But 
when the particle is observed outside, 


it proves to be unstable. In an average 
time of about 18 minutes it spontane¬ 
ously ejects a beta particle (the same 
thing as an electron) and turns into a 
proton. The proton and electron to¬ 
gether are about 1.5 electron masses 
lighter than the neutron, so this amount 
of mass appears to be lost in the decay; it 
is equivalent to some 780,000 electron 
volts of energy. This should show up as 


the kinetic energy of the decay products, 
but in fact the proton and electron 
rarely have so much energy. To ac- 
coxmt for the discrepancy Pauli suggest¬ 
ed that another particle, with zero rest 
mass and almost undetectable, also is 
formed in the decay, and that it carries 
off the missing energy. Enrico Fermi, 
who pursued the idea, named the in¬ 
visible particle the neutrino. Reasoning 



TABLE OF I'ARTICI.E.'' trure* ilifir inrrrjur over Jhe past 2S "Ordinory" particle* are shown as white bolls, nhtiporticle* as 

year*. Fortifies added in rolomns IMV were first predicted theo- block balls. The neutral pion and the photon is each its own anti- 

reiically. Those added in V and Vi were discovered by etperiment. particle. The top Rroup comprises the heavy particles and the nest 
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by direct analogy with Dirac s process 
for electrons and photons, Fermi con¬ 
structed a complete theory of beta- 
decay. Its fundamental process is that 
a neutron continuously loses and regains 
an electron and a neutrino by virtual 
emission and absorption. (Strictly speak¬ 
ing the "neutrino** involved is actually 
the antineutrino.) Although Fermi’s re¬ 
action was written as a virtual process. 


the emission or decay process can be¬ 
come real without the addition of out¬ 
side energy because the mass lost in the 
decay provides the energy needed. 

The Pion 

The last particle to be added to the 
list was predicted by another analog)' 
with the Dirac process. The problem was 


to descnbe the force that holds pro¬ 
tons and neutrons (which may jointK be 
called nucleons) together in the nu¬ 
cleus. Since electromagnetic forces had 
been successfully explained in terms of 
the photon or field <juantuni, it was logi¬ 
cal to trv' the same approach with 
nuclear forces. The Japanese physicist 
Hideki Yukawa took this step. He pro¬ 
posed that nucleons emit and absorb a 


PARTICLE 
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BASIC or BISSES art nhown Acheniali* 
c.ilJy. In ihf Mrone YuWnwa tnlcraclion Hop) 
a nucleon ‘‘virtually** emits pions l<ii>ore) 
and absorbs them ibelotvK Time scale lor 
ihe process is listed betneen tbe two rear* 
lions. In thr eleclromognrlic interaction 
<cefi/ert an electron (or other charged parlb 
cle) virtually emits and absorbs a photon. In 
the weak and very much slower Bermi inter* 
action (bottom J a neutron virtually emits 
and ob^orbs on electron and antineuirino. 


nuclear-ficid cjuanlunt called a meson, 
just as electrons emit and absorb pho¬ 
tons. From the known properties of the 
nuclear force Yukawa was able to de¬ 
duce some of the characteristics of the 
meson. The fact that the force extends 
only over a very short range could be 
shown to mean that the meson, unlike 
the massless photon, would have a finite 
rest mass. There were also various rea¬ 
sons to suppose that there would be both 
charged and neutral mesons. 

Yukawa's conjecture was fully con¬ 
firmed. but only after more than 10 
years. The particle he predicted has 
been found and is now called the pi 
meson, or pion. It weighs about 270 
electron masses, and comes in three 
forms: positive, negative and neutral 
(see "Pions," by Robert E. Marshak; 
Scientific American Offprint 226]. 

The emission of pions by a nucleon 
must of course be virtual, since the 
pions possess energy including energy 
in the form of rest mass. According to 
the theory the strength of the nuclear 
force field should depend on the num¬ 
ber of quanta outside the emitting par¬ 
ticle. Tlie nuclear force is so strong that 
a nucleon must emit pions very fre- 
c|ucntly, there must usually be more 
than one outside the nucleon at the 
same time. In fact, the current concep¬ 
tion of protons and neutrons is that they 
consist of some sort of core surrounded 
by a pulsating cloud of pions. As in the 
case of photons, if enough energy is sup¬ 
plied pions will materialize into real 
p.irticlcs. Since the pion s mass is equiv¬ 
alent to 135 million electron volts 
(mev) of energy, it requires at least this 
amount to make one real pion. 

Here we come to the end of the first 
part of the stor)'. Wc have already ac¬ 
cumulated a rather large number of 
■'elementary" particles, but at least they 
all seem to make sense. In fact, most of 
them were predicted theoretically be¬ 
fore they were actually discovered. As 
has already been pointed out, the neu¬ 
trino has an antiparticlc. The negative 
pion is the .antiparticlc of the positive 
pion, and vice versa; the neutral pion, 
like the photon, is its own antiparticle. 
Fin.illv real pious, like the neutron, arc 
unst.iblc. After a very short time they 
decay into other particles (sre table on 
page iOO]- 

Twelvc Particles 

We might call the ideas wc have 
sketched so far the dozen-particle theory- 
of matter [sec ro/nmn [\' in the chart 
on the prcct’ding ttvo pages]. As wc have 
said, it is a fine ihcor)' for explaining the 


properties of atoms. It is rather crude 
in its attempt to account for the inner 
workings of the nucleus, but it does ex¬ 
plain them in a general way. And in 
any event it makes a good case for each 
of the particles. They all have an ex¬ 
plicit role to play and they emerge 
naturally from the theory. 

What is more, the 12 fall into four 
well-defined groups: (1) heavy parti¬ 
cles, consisting of the nucleons (proton 
and neutron) and their antiparticles; 

(2) mesons, or particles of intermediate 
weight; (3) light particles, consisting 
of the electron and neutrino and their 
antiparticles; and (4), in a class of its 
own, the photon. We may also note 
that the heavy and light particles..\vhich 
are the "ordinary” constituents of mat¬ 
ter, have spin 1/2 and are fermions [see 
table on page JOO]. The mesons and the 
photon, which are field quanta, have 
spin zero and are bosons. The groups are 
interconnected by three basic reactions. 
The Yukawa process connects heavy 
particles with mesons, the Dirac proc¬ 
ess connects light particles with pho¬ 
tons, and the Fermi process connects 
heavy particles with light particles [see 
chart on this page]. 

Of course the particles also behave 
according to the more general laws of 
physics. They obey the conservation of 
energy, and of linear and angular mo¬ 
mentum. They also obey the conserva¬ 
tion of charge. So far as wc know the 
net amount of electric charge in the 
universe never changes. When charged 
particles are created out of energy, they 
can be created only in particlc-anti- 
particle pairs, with each new positive 
charge offset by a negative. And in every 
particle reaction the net charge of the 
liodics entering the reaction must equal 
(hat of the products. 

Another conservation principle arises 
out of the evident stability of nuclear 
matter. All the experimental evidence 
indicates that it is never created or de¬ 
stroyed; that is to say, that the num¬ 
ber of nucleons must remain constant. 
Thus a proton can be created out of cn- 
crg)’. but only together with an anti- 
proton. The two cancel each other both 
mathematically and, when they come to¬ 
gether. physically. 

Particle Reactions 

We should mention two other char¬ 
acteristics of particle reactions which ap¬ 
pear to operate as general laws. First, 
the reactions are reversible. If one parti¬ 
cle is observed to split into two others, 
we expect to find that the pair can also 
combine to form the original particle. 
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SPINNING PARTICLE can take only certain fixed positions with respect to an outside 
fna|;netic field (colored arrotcs). Particles with spin 1/2 iiop\ can ali^n their axes with 
or aKainsI the field. Particles with spin 1 (bottom) can $o with, across or against the field. 


Second, (he emission of a particle is 
related to the absorption of the cor¬ 
responding antiparticle: if we know the 
“cross section” or probability for one, 
we can compute the probability' for the 
other. For example, consider the beta- 
decay process [see reactions 1-3 in ^he 
table on page 102], Since a neutron 
turns into a proton by emitting an elec¬ 
tron and an antineutrino we expect to 
find the reverse reaction in which a pro¬ 
ton absorbs an electron and an anti¬ 
neutrino, turning into a neutron [reac^ 
tion 2], Furthermore, since the absorp¬ 
tion of an electron corresponds to the 
emission of an antielectron, or positron, 
we should also have the reaction in 
which a proton absorbs an antineutrino 
and emits a positron, again turning into 
a neutron (reflCfion 3]. This reaction is, 
in fact, the one by which the neutrino 
was finally detected experimentally. 

Thus the rules provide a kind of 
algebra with which we can “solve” prob¬ 
lems in particle physics. Let us see how 
they work for a sample problem—the 
decay of the pion. The neutral pion 
is found experimentally to decay into 
a pair of photons in a very short time: 
about 10"’^' seconds. We want to show 
why it should do this [reactions 4~8]. 
Wc start out with the basic reaction 
involving pions, the Yukawa reaction 
in which a nucleon, let us say a pro¬ 
ton, emits a virtual pion. We are in¬ 
terested in what the pion will do, so 
we should like to have an equation 
that starts out with a neutral pion fol¬ 
lowed by an arrow. By reversing the 
e^juation and transposing terms (chang¬ 
ing particles into antiparticles) we ar¬ 
rive at the desired eejuation [reaction 
6], which tells us that the pion turns 
(virtually) into a proton-antiproton pair. 
Such a pair annihilates, and can yield 
photons. Thus we have arrived at the 
desired result: a neutral pion decaying 
into two photons. 

To someone seeing it for the first 
time, this chain of reasoning may seem 
just a trivial shuffling of symbols. But 
each shuffling summarizes a detailed 
(and often difflcult) calculation of prob¬ 
abilities. Thus in the end we arrive at 
a reasonably exact prediction of what 
will happen, how long it should take, 
and so on. On the other hand, our 
knowledge of the situation is so incom¬ 
plete that an apparently airtight chain 
of reasoning can also result in com¬ 
pletely wrong answers. 

The Muon 

There is no better illustration of this 
than the decay of the charged pion. 


Using our basic reactions and rules we 
can “prove” that the positive pion should 
decay to a positron and a neutrino 
[reactiorts 9-i4). But if the reaction ever 
happens, it is so rare that it has never 
been observed. How does the positive 
pion actually decay? It yields a neutrino 
and a totally new particle: the muon! 

Here we have nature at her most per¬ 
verse. She has given us a particle for 
which there is no theoretical justifica¬ 
tion and no use whatever. The muon 
was the unwelcome baby on the door¬ 
step, signifying the end of days of in¬ 
nocence. The situation was further com¬ 
plicated by an unfortunate historical ac¬ 
cident which for a long time made it 
impossible even to classify the muon. 
The muon was detected before the pion, 
and everyone took it to bo the meson 
Yukawa had predicted. For this role, 
however, its properties are all wrong. 
It notably does not interact strongly 
with nucleons and thus could not be 
the particle responsible for the nuclear- 
force field. Thus until the pion was dis¬ 
covered the muon made even less sense 
than it docs today. 

Now that we know what the muon is 
not. we can at least accept it for what 
it is. It comes with both positive and 
negative charge (the negative pion de¬ 
cays into a negative muon and anti¬ 


neutrino). It weighs about 207 electron 
masses and has a spin of 1/2 (i.e., it is a 
fermion). It lives for about a millionth 
of a second and then decays into an 
electron, a neutrino and an antineutrino. 
The positive muon must of course yield 
a positive electron, or positron, and the 
negative muon a negative electron. Each 
muon is the othcr^s antiparticlc. 

Although the muon does not come out 
of the dozen-particle theory—indeed, it 
demonstrates that such a theor\’ is in- 
complete if not wrong—it can be con¬ 
nected to the other particles. To see the 
connection we must re-examine our 
fundamental processes—the Dirac or 
electromagnetic interaction, the Yukawa 
or nuclear interaction and the Fermi 
or beta-decay process. It turns out that 
these processes difier enormously in 
“strength.” The Yukawa process is 
known as a strong interaction; it ac¬ 
counts for the great force that holds 
nucleons together in the nucleus. Elec¬ 
tromagnetic forces are some 137 times 
weaker than nuclear forces. Another in¬ 
dication of strength is the probability 
that a process will occur in a given time; 
i.e., its average rate. The strong inter¬ 
actions are as fast as anything can pos¬ 
sibly be. The emission or absorptioti of 
a pion takes place in some sec¬ 

onds, which is just about the time it 
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would take a light ray to cover a dis¬ 
tance equal to the diameter of a nu¬ 
cleon. electromagnetic process is 

of course 137 times slower. 

What about the Fermi interaction? 
It is incomparably weaker than the oth¬ 
ers. The factor is about 10’*^—it is a 
huncired thousand billion times weaker 
than the strong interactions! Further¬ 
more, all the processes involving neu¬ 
trinos—beta-decay and the decay of 


pions and muons—are about equally 
weak. Thus the muon participates in one 
of the three fundamental types of inter¬ 
action. (As a charged particle, of course, 
It participates in the electromagnetic 
Interaction as well.) Also, since it is a 
light fermion. It seems to group itself 
naturally with the electron and neutrino. 

A glance at the table of lifetimes on 
this page %vill show that the decays 
which we have said are equally weak 
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PROPERTIE^S OF PARTICI.F^ arr bf'ins d^^lrrminerf wilh increaftins preciMon. This tabic 
presents the laitA cxpcrimenlal values. Spina of the K mesons and the slronnc heavy 
parlicles are still doubtful. For the unstable particles which have more than one mode 
of decay the table lists all the sets of products now known. Others may still be discovered. 


have widely different times. But speed 
is supposed to be an indication of 
strength. The answer is that speed is not 
determined solely by strength. It also de¬ 
pends on the energy available to make 
the reaction go. In the case of the neu¬ 
tron, which takes an average of 18 min¬ 
utes to decay, there is very little avail¬ 
able energy; the difference between the 
mass of decaying particle and the 
mass of its decay products is only slight¬ 
ly more than the mass of one electron. 
For pion and muon decays there is much 
more energy; they are correspondingly 
faster. If corrections are made In each 
case for the available energy, it turns out 
that a kind of “intrinsic"* speed for all 
the weak processes is very close to lO’^ 
seconds, which is 10*^ times slower than 
the strong interaction. 

It is surely remarkable that all the 
weak processes have the same strength, 
and it is probably significant. Nature 
is trying hard to tell us something, but 
so far we have been unable to decipher 
the message. 

Strange Particles 

With the muon nature gently warned 
physicists that they had not yet divined 
her innermost secrets. Then around 
1950 she rudely introduced a whole 
procession of new particles. They were 
utterly unexpected and had properties 
which could not be explained on the 
basis of previous theory. 

The new arrivals showed up first in 
the showers of particles which occur 
when high-energy cosmic rays strike a 
lead plate inside a cloud chamber, 
Among the tracks of the showers were 
found some curious two-pronged or V- 
shaped patterns that could not be ex¬ 
plained by any known particle process. 
Physicists were forced to conclude that 
some unknown neutral particle (which 
would leave no track in the cloud cham¬ 
ber) had decayed into two charged 
particles. The neutral particle presum- 
ablv had been made in the lead plate. 
Once people started looking for the so- 
called V-particles, they turned out to 
be very common. 

As V-cvents were collected and stud¬ 
ied. it became clear that there were at 
least two new neutral particles. One 
which decays into a proton and a nega¬ 
tive pion, was named the lambda; the 
other, which decays into a positive and 
a negative pion, was called the K. 

When they had recovered from the 
shock, physicists began to try to fit the 
new particles somehow into the general 
scheme. From the pattern ol its decay 
(into a fermion and a boson) the lambda 
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can be shown to be a fermion, presuma¬ 
bly with spin 1/2. It is subject to the law 
of conservation of nucleons. Since one 
nucleon is produced in the decay, one 
must have been used in the formation 
process. For example, the lambda might 
be made in a collision between a proton 
and a negative pion—the reverse of the 
decay process. (Some other particle, 
such as a neutral pion, would also have 
to be made to carry off the excess ener¬ 
gy.) The frequency with which lambdas 
appear shows that they are made by a 
strong process. The mass of the lambda 
turns out to be 2,181 electron masses. 

The K particle has to be a boson be¬ 
cause it decays into two pions, both 
bosons. Its spin must then be a whole 
number (most likely zero). It cannot 
be made out of a nucleon, because there 
are no nucleons in its decay products. 

It is, however, produced frequently, and 
thus by a strong process. It has a mass 
of 965. 

From these first considerations it is 
possible to classify the new particles to 
some extent. The lambda obviously be¬ 
longs with the nucleons or heavy parti¬ 
cles. It is made from a nucleon and, like 
them, it is a fermion. The K, on the 
other hand, is a boson; hence it is put 
in the meson group along with the pions. 

The lambda and K particles were 
only the beginning. Soon other particles 
were identified. In the same category 
with the lambda are the sigma particles, 
charged and neutral, and the negative 
xi particle. Added to the neutral K were 
a pair of charged particles of about equal 
mass, called the positive K particle and 
the negative K particle. 

Long Lifetimes 

The very existence of all these dis¬ 
tinct forms of matter is a difficult prob¬ 
lem. But if we accept the fact that they 
exist, their behavior presents us with 
even deeper questions. The trouble 
arises with the decay of the new parti¬ 
cles. Their lifetimes range from about 
10'* to 10'^^ seconds, which is on the 
time scale of the weak interactions. But 
the particles are made, as we have seen, 
by strong interactions, the time scale 
of which is some 10'^ seconds. Accord¬ 
ing to one of our most fundamental 
tenets—that of reversibility—a particle 
made in a strong interaction should also 
decay that way. 

The new particles would seem to have 
ample opportunity to decay by strong 
processes. Consider, for example, the 
neutral lambda particle and let us play 
our equadon-juggling game [see recc^ 
Hons 15-19 on next page]. By \ising two 




DIFFERENT STATES of o particle can be rccogniied only ihrough certain interaciionft. 
Two oppoiilely ipinning electrons (top) woald teem alike in the absence of an external 
magnetic field (h/t). When the field, indicated by colored arrows, is turned on, the elec¬ 
trons separate into different energy states (rigfu). Similarly, in the ohsence of the electro¬ 
magnetic interactions, all nucleons (ceruer) are indistinguishable, as are all pions (bat- 
lorn). When these interactions, indicated by closely spaced colored lines, are taken into 
account, isotopic ^spin,** which is represented by the broken arrows, separates the nucleons 
into protons and neutrons, and separates the pions into their three different charge types. 
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PARTICLE REACTIONS 


1 . n—5»p + e-+v 

2. p + e-+v—>n 

3. p + V —> e*+ n 


Fermi process. Neutron splits into proton, electron ond 
onlifi^utrino. 

Reverse reocKoo. Proton, electron ond oolineofrino combine 
into neulror>. 

Trortspose efecifon os ontiporticle. Proton Jr^terocts with 
ontineulrioo io yield positron ond neutron. 


4. p p + TT* 

5. p+TT^-J^p 

6. TT® p + p 

7. p + p — > y + y 

8. Tr®_»y + y 

yuiowo process. Proton spi.is Ivirtuollyl into proton ond 
noutrol pion. 

/Reverse ftoc^ron. Proton ond pion ccmbln© into proton. 

Tronspo^e protorr os on ontrp/oton. Pion splits into proton ond 
onliproton. 

Proton ond ontiproton cnnihllot© to yield photons. 

Net result. Neufrol pion decoys to photons. 

9. pJli-n+TT* 

yiiiowo process. Proton splits Ivirtoollyl into neutron ond 
positive pion. 

10. n + TT* —»p 

Reverse reoctfon. Neutron ond pion combine into proton. 

11. n* p + n 

Tronspose neutron os on ontineutron. Pion splits into proton 
ond ontineutron. 

12. p+ V —» + n 

fermi process. Proton interods with ontineulrino to yield 
positron and neutron, 

13. p+ rf —> ©♦ + V 

Tronspose onUn^tjUifto end neutron os therr ont/portic/es. 
Proton interocis with ontir>eutron to yield positron ond 
neutrino. 

14. TT*— »«® + V 

Net result. Positive pion decoys to positron ond neutrino. 

15. Tr"+p —>A" + tt® 

Hypotheticol process. Negofive pion ond proton inleroct to 
yield lombdo ond neutrol pion. 

16- A* + tt®^tt‘+p 

Reverse reoc/ion. Neutrol pion interods with lombdo to yield 
neQOtive pion ond proton. 

17. A — + TT + p 

Tronspose neutrol pion lit is its cwrj ontiporficlel. lombdo 
decoys (virfuolly) into o neutrol pion, o negotive pion ond 

0 proton. 

18. p + 7T« —> n 

Tulcowo process. Proton obsorbs neutrol pion. 

19. A'— > P + TT 

Net result, lombdo decoys quickly toproronondnegotivepion. 

20. tt-+p^A%K“ 

Hypotheticol process, Pion ond proton interoct to yield 
lombdo ond neutrol 

21. A* + K*—*TT- + p 

Reverse rcoct^on. lombdo ond interod to yield P'On ond 
proton. 

22. A‘-Utt- + p+K° 

Tronspose K os onnporfjcle. lombdo decoys IvirtuoUy) 
into pion, proion ond onti-K. 

23- p+ TT* —> 0 

Vutowo process. Proton obsorbs pion. lurrying into neutron. 

24. A° "+ K* 

Net result, lombdo decoys into neutron ond onii -K 


strong processes, one known and one 
hypothetical but plausible, we arrive at 
the statement that the lambda is con¬ 
verted to a proton and a negative pion, 
which is its actual mode of decay. There 
is plent)’ of energy available for the proc¬ 
ess: the lambda’s mass is 74 units great¬ 
er than that of the proton and pion, 
which gives an energy difference of 37 
mev. Thus we have “proved" that the 
lambda must decay as fast as it is made. 
The same thing can be demonstrated for 
all the other new particles. The only 
trouble is that they live 100,000 billion 
times longer than they shouldl It was 
this enormous discrepancy between their 
expected and observed lifetimes that 
was chiefly responsible for the designa¬ 
tion “strange” or "queer" particles. 

Associated Production 

After contemplating the situation for 
a couple of years a number of theoreti¬ 
cians, in particular A. Pais of the In¬ 
stitute for Advanced Study, were able 
to suggest a possible resolution of the 
paradox. Their idea was that strange 
particles are made only in groups of two 
or more at a time. The concept is now 
known as associated production. It im¬ 
plies that the strong interaction which 
manufactures a strange particle some¬ 
how works only on more than one at a 
time. The trick here is that a strong 
process of this kind would not be re¬ 
versible because of lack of energy. 

For example, suppose that a lambda 
and a K were made in the collision of 
a negative pion with a proton. Now we 
apply our reaction rules to this process 
in order to predict the fate of the lambda 
[reactions 20-24]. We arrive at the con¬ 
clusion that it “decays” into a proton 
and an anli-K. But of course this is im¬ 
possible, because the two daughter 
particles have a combined mass greater 
than that of the parent. A thorough 
analysis shows that every possible case 
of associated production leads to a simi¬ 
lar result for the separate decay of any 
one of the strange particles that are 
made. The possible avenues of decay 
always turn out to retjuire too much 
energy. Thus, by moving away from 
each other imm^iately after they are 
created, tlie strange particles are saved 


PARTICLE EQUATIONS summarire cer¬ 
tain detailed chains of rcosoninn discussed 
in the text. Some of the choins of rensoninR 
nre found to be faulty, os Indicated by the 
fact that the reactions they predict do not 
take place. These have been shown in gray. 
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from death by strong interaction, and 
they live until the much less probable 
wealc processes catch up with them. 

At first there was litde or no experi- 
mental evidence for associated produc¬ 
tion. However, when the Cosmotron at 
the Brookhaven National Laboratory be¬ 
gan to make strange particles on order, 
it appeared that the rule was indeed 
obey^. In fact, the very first reaction 
to be discovered was the pion-proton 
collision suggested above, leading to the 
associated production of the lambda and 
the neutral K particles. 

Now the question arose: What does 
associated production mean? Can it be 
related to any other principles? It tells 
us that strong reactions involving single 
strange particles arc forbidden. When 
nature rules out an event, her legislation 
often takes the form of a conservation 
law. Such-and-such cannot happen be¬ 
cause something must be conserved. To 
take a simple example, we never see a 
particle decay into products whose total 
mass is greater than its own. The con¬ 
servation of energy forbids it. 

Once the rule of associated produc¬ 
tion had been found, it was natural to 
ask whether there might not be a con¬ 
servation law behind it. If the law could 
be discovered, we might find out much 
more about strange particles. Associated 
production says they must be made more 
than one at a time. But are all combina¬ 
tions possible or are some ruled out? 
The conservation law should tell. 

Isotopic Spin 

It appears that the law has been dis¬ 
covert, and we do know some of the 
rules by which strange particles are 
made. In order to see what the princi¬ 
ple and the rules are, we must go back 
to the older particles and to a concept 
which we have not mentioned until now. 
This is the notion of '"isotopic spin." 

First let us have another look at ordi¬ 
nary spin. Imagine that we have a pair 
of isolated electrons which we can 
actually see as small specks. So far as 
we can tell, they are identical. We be¬ 
lieve they are spinning, but they are so 
small that we cannot detect their mo¬ 
tion. Now we put them in a magnetic 
field. Obeying the laws of quantum me¬ 
chanics, their spins line up with or 
against the field. Suppose one goes with 
and the other against. Then the two 
particles have different energies, and we 
can distinguish one from the other. This 
imaginary experiment underlines the 
fact that the electron is a ""doublet" so 
far as its magnetism is concerned. It 
may be in one of two possible energy 


states. But without an external magnetic 
field there is no way to tell the states 
apart; they ""degenerate" into indistin- 
guishability. 

Now in the early days of modem nu¬ 
clear physics—soon after the discovery 
of the neutron—a situation arose that 
was reminiscent of this magnetic ""de¬ 
generacy." Experiments on the deflec¬ 
tion of moving protons and neutrons by 
other protons and neutrons disclosed the 
surprising fact that the nuclear force, or 
strong interaction, between nucleons is 
the same regardless of the type of parti¬ 
cle involved. The forces between two 
protons, two neutrons, or a proton and a 
neutron are all equal. This phenomenon, 
called charge independence, means that 
so far as strong interactions are con¬ 
cerned the neutron and proton look like 
the same particle. They can be distin¬ 
guished only by their electromagnetic 
interaction. Suppose electromagnetism 
could be "'turned off** like a magnetic 
field in the laboratory. Then the proton 
and neutron would also degenerate into 
indistinguishability. Hence the nucleon 
can be thought of as a "charge doublet," 
with one state representing the proton 
and the other the neutron. 

This idea occurred to Heisenberg, 
who proceeded to express it mathemati¬ 
cally. He constructed a mathematical de¬ 
scription of the nucleon which included 
a variable that could take on just two 
values. One value thus represents the 
proton and the other the neutron. The 
mathematics is very much like that used 
by Pauli to describe the spin of an elec¬ 
tron. Thus Heisenberg called his quan¬ 
tity isotopic spin. ""Isotopic" refers to the 
fact that in a sense the proton and neu¬ 
tron are isotopes: they have nearly the 
same mass but different charge. "Spin" 
is purely an analogy, and a somewhat 
misleading one at that. It simply reflects 
a similarity to the mathematical term for 
real spin. 

Isotopic spin, then, is a mathematical 
device which distinguishes the proton 
and neutron; physically they are distin¬ 
guished by their different couplings to 
the electromagnetic field. The analogy 
to real electron spin is very close: the 
isotopic spin of the nucleon is also 1/2. 
Like real spin, it has components +1/2 
and -1/2 with respect to a given, or 
reference, direction. In quantum electro¬ 
dynamics it is customary to place a par¬ 
ticle in a system of coordinates, the *"Z" 
axis of which is parallel to the surround¬ 
ing magnetic field. Hence the reference 
direction for isotopic spin is also con¬ 
sidered to go along the Z axis, and the 
components are denoted by The con¬ 
vention has been adopted that of +1/2 


represents the proton and I, of -1/2 the 
neutron. In Heisenberg's mathematical 
theory charge independence becomes a 
conservation law. nucleons inter¬ 

act, the total isotopic spin is conserved. 
This statement can be shown to mean 
the force is equal between a proton and 
a proton, a neutron and a neutron, and a 
proton and a neutron. So far, it should 
be emphasized, the idea of isotopic spin 
is a mere formality. It adds nothing to 
the notion of charge independence, and 
is simply another convenient way of ex¬ 
pressing it mathematically. 

Charge Multiplets 

When Yukawa explained nuclear 
forces in terms of pion emission and ab¬ 
sorption, isotopic spin took on a some¬ 
what broader significance. The British 
physicist Nicholas Kemmer, now at 
Edinburgh University, realized that the 
concept must also apply to pions. His 
reasoning was as follows: Nuclear forces, 
involving the virtual exchange of pions, 
are charge-independent. Therefore pions 
must be charge-independent, and the 
isotopic spin concept should apply. 

Now we recall that the pion has three 
possible charges; plus, minus and neu¬ 
tral. Thus it constitutes a charge "trip¬ 
let" which, if charge could be turned 
off, would also degenerate into indis- 
tinguishability. In the case of real spin, 
a triplet means that the particle has a 
spin of 1, since it may then assume three 
different directions with respect to the 
field. Its Z components are +1. 0 and 
-1. So we assign an isotopic spin of 1 
to the pion, and we say that its com¬ 
ponents with respect to the reference di¬ 
rection (its IgS) are +1, 0 and -1. 

The grouping of particles into charge 
doublets or triplets (collectively calle<l 
multiplets) provides a convenient short- 

o- -o 



ASSOCIATED PRODUCTION is sQxgeMed 
io this diagram. Two normal partirles col¬ 
lide (fop), makiQg a pair of strange parti¬ 
cles (6offom) which immediately separate. 



104 


PHYSICAL SCIENCES 213 


hand way of identifying them. If we say 
that the pion is a triplet with its center 
of charge at zero [see chart on opposite 
page], this tells us at once that the 
charges are +1, 0 and -1. the isotopic 
spin is 1. and the I,s are +1, 0 and —1. 
Similarly, to say that the nucleon is a 
doublet with center of charge at +1/2 
means that the charges are 0 and +1. 
the isotopic spin 1/2 and the I*’s +1/2 
and -1/2. As can be seen in the chart, 
the antinucleon is another doublet cen¬ 
tered at -1/2. Its isotopic spin is 1/2 
and its I, is —1/2 and -H/2. 

Note that the isotopic spin and charge 
multiplet concepts give us another dif¬ 
ference between nucleons and pions. 
Nucleons are a doublet centered at 
+ 1/2, while the pions are a triplet cen¬ 
tered at 0. 

Now let us turn to the strange parti¬ 
cles. An obvious question is whether 
their interactions are also charge-inde¬ 
pendent and conserve isotopic spin. Are 
positive sigma particles, for example, 
just like negative and neutral ones ex¬ 
cept for their electric properties? There 
is no direct experimental evidence on 
the point, but it seemed reasonable to 
suppose that charge independence 
would apply to the strong interactions 
of the new particles as it had been found 
to apply to the strong Yukawa coupling. 
This would mean that the strange parti¬ 
cles are charge multiplets. If so, it was 
generally supposed that they would fol¬ 
low the same classification as the nu¬ 
cleon and pion. That is, the heavy 
strange particles seem to be related to 
nucleons; they are made out of nucleons 
and decay back to nucleons. Therefore 
the heavy particles were generally 
thought to be doublets, having an iso¬ 
topic spin of 1/2 and a charge center at 
plus or minus 1/2. The K particles, on the 
other hand, apparently belong with the 
pion, so it was supposed they would fall 
into a triplet, with an isotopic spin of 1 
and charge center at 0. 

Alxjut five years ago one of the au¬ 
thors of this article (Gell-Mann) and 
the Japanese physicist Kazuhiko Nishi- 
jima independently conceived the idea 
that the strange particles might not fol¬ 
low this arrangement- Furthermore, the 
dcp.irture from the expected arrange¬ 
ment might account for their strange 
behavior. In the case of the present au¬ 
thor it was a matter of discovery by slip 
of the tongue. Discussing the heavy 
strange particles one day. he spoke of 
them as having an isotopic spin of 1, but 
then quickly corrected himself, saying 
"I mean a half, of course.’’ 

The more he thought about the “mis¬ 
take" later on, the more he begun to 


wonder whether it really was one. How 
do we know that heavy particles are 
doublets with isotopic spin 1/2? To be 
sure, the particles seemed to be related 
to the nucleon-and for the sake of order 
and simplicity one certainly hoped that 
they were related. But if they were 
members of that family, they were 
strange members. Perhaps it was pre¬ 
cisely in their isotopic spin that their 
strangeness lay. Suppose the heavy 
particles, instead of being doublets of 
isotopic spin 1/2, like the nucleon, were 
tripleU of isotopic spin -»-l or even 
singlets of isotopic spin 0. (A particle 
with zero isotopic spin has only one pos¬ 
sible state and is thus a singlet.) Sup¬ 
pose the K particles, instead of being 
triplets like the pion, were doublets? (At 
the time the table of strange particles 
was just being filled in by experiment. It 
was not even known, for example, 
whether there were charged K or lambda 
particles.) 

After toying with the idea for a while, 
the author began to see that it might 
contain in it just the conservation law 
that was needed to explain associated 
production and the strangely long life¬ 
times of strange particles. In a moment 
we shall try to show roughly how this 
comes about. First let us pursue the 
idea a little further. 

Displaced Multiplets 

Recall that a simple way of describ¬ 
ing a group of particles is to indicate 
its center of charge and whether it is 
a doublet or triplet. The nucleon is a 
doublet with center at + 1/2; the pion is 
a triplet with center at 0, and so on. 
Now suppose that among the heavy 
particles there is a singlet at charge 0 
[see chart on opposite page]. Could this, 
by any chance, be the neutral lambda? 
If it is. note that the center of this 
•’multiplet’’ (a singlet is a multiplet with 
one member) is at 0—one-half charge 
unit less than the center of the nucleon 
doublet. The original expectation was 
that all heavy particles would have their 
multiplet centers at 1/2. Therefore the 
lambda is ’’displaced’’ by —1/2 charge 
unit. Perhaps this displacement is the 
essential physical characteristic of the 
particle which accounts for its "strange¬ 
ness.’’ Let us assume that it is; in fact, 
lot us invent a new physical quantity 
and call it strangeness. For reasons of 
mathematical convenience we in.ake the 
strangeness equal to rivice the displace¬ 
ment. Thus the strangeness of our puta¬ 
tive lambda particle is twice the dis¬ 
placement of -1/2, or -1. (The strange¬ 
ness of the nucleon is of course 0. Us 


charge center sets the reference point 
from which the displacements of other 
heavy particles are measured.) 

Next we observe that, in our system of 
classification by multiplets, the antinu¬ 
cleons form a doublet which is an image 
of the nucleon doublet, mirrored on the 
zero-charge line [see chart]. ’Thus the 
other heavy particles should also have 
antiparticles in corresponding multi¬ 
plets. We accordingly place in our table 
an antilambda, which is also at 0. Its 
displacement is -H/2 (from the "nor¬ 
mal’’ charge center of the antinucleoo). 
Hence its strangeness is +1. 

Now we can try something else—say 
a triplet centered at 0. Its strange¬ 
ness would be —1. If there is such a 
triplet, there should be three strange 
particles, positive, negative and neutral, 
all with approximately the same mass. 
At the time the strangeness theory was 
conceived, no such triplet was known. 
Now it has apparently been found in the 
sigma particle (Z*. T). Again 

we expect a corresponding multiplet of 
antiparticles. 

Still another possibility is a heavy- 
particle doublet displaced a full charge 
unit, from +1/2 to -1/2, i.e., with 
strangeness -2. This would mean a pair 
of particles with charge -1 and 0. We 
now believe that the negative mem¬ 
ber of the pair is the xi particle (s'). 
The neutral member (E*) has not yet 
been detected, but the general success 
of the strangeness theory gives us con¬ 
siderable confidence that it will turn up. 

The K particles may fall into doublets 
like the nucleon and antinucleon. This 
would mean that the K’ and K® consti¬ 
tute one doublet with its charge center 
at +1/2. Since these particles are 
grouped with the pion, whose natural 
charge center is at zero, their displace¬ 
ment is +1/2 and their strangeness + 1. 
The K* then is part of a doublet together 
with a second neutral K, the anti-K®, 
which is the antiparticlc of the first. The 


STRANGENESS U Uluslraied in labnlar 
form. Panicle* iuhire circle*) and anti- 
particle* iblack circle*) are grouped in 
mulliplcl* with their charge* indicated by 
the colored vertical line*. The •olid colored 
caret* mark the charge center of each multi- 
plot; open caret* mark the “expected" loca¬ 
tion of charge center* ll/2 for heavy par- 
^icle^ -1/2 for heavy antiparticlc* ond 0 
for mc*ona). Ilorirontal colored arrow* 
•how the diiplacemenl of each center from 
the expected po»ition. The •trangene** 
ec}uals twice the value of ihi* displacement. 
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hu) in%iNihU' luuUinos. A iicutr;il lambda was presumably made 
(«HenK‘T u»0i tbe K, buJ if so if left ibe ebomber without decaying 
lo charged parliclis and made no track. The incoming pion was 
Dfodiiicd in the (’osmolron at Brookhavcii National Laboratory'* 


K |Kirh( le fr>nM<ilioii is sfiosvn .is a series of bubbles pro* 
(hued bs cli.irged parlalis in a cbaiiibtTid lupijd propane Ibe 
positive picin de<avs fnrtbei to a niiion and a iieutniio. which 
leaves n<» bubble tr.ick I iiiallv the muon dec ass l<i a positron and 
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center of this doublet is -1/2, its displace¬ 
ment is -1/2 and its strangeness is -1. 
The pion plays the same role in the 
meson group as the nucleon does in the 
group of the heavy particles. That is, its 
charge center provides the reference 
point for measuring strangeness, so its 
own strangeness is 0. 

Conservation of Strangeness 

Now we have assigned a strangeness 
to all the strongly coupled particles. 
What is the point of this exercise? Sim¬ 
ply this. It is possible to prove from the 
principle of charge independence that 
strangeness must be conserved in the 
strong and electromagnetic interactions. 
That is to say, in any reaction of these 
two types the total strangeness of the 
particles entering the reaction must 
equal the total strangeness of the prod¬ 
ucts. We will show that this conserva¬ 
tion law accounts for the observed be¬ 
havior of strange particles. 

To begin with, it obviously "explains*^ 
associated production. Strange particles 
are made in collisions between ordinary 
particles. The strangeness of the latter 
is 0. Therefore the total strangeness of 
the products must be 0. This means that 
at least two must be made at a time so 
that their individual strangenesses offset 
each other. Consider the case wc have 
already mentioned: the production of a 
lambda and a neutral K from the colli- 
sioD of a pion and a proton. The lambda 
has a strangeness -1 and the K"* has 
strangeness +1: total strangeness, 0. 

As wc have already seen, associated 
production explains why strange parti¬ 
cles do not decay by strong interaction. 
But they must also be immune to the 
electromagnetic process, since their life¬ 
times are on the time scale of the weak 
interactions. The law of conservation of 
strangeness shows us how the particles 
avoid decay by electromagnetism as well 
as by strong interactions. 

We can indicate only crudely how the 
law docs so. It can be shown that the 
conservation of strangeness is mathe¬ 
matically equivalent to the conservation 
of the Z component of isotopic spin: 

The latter quantity is essentially a meas¬ 
ure of charge: in any multiplet, the 
greater the the greater the charge. 
(For example, in the nucleon doublet 
I,'s of -1/2 and +1/2 correspond to 
charges of 0 and +1; in the pion triplet 
1/s of -1, 0 and +1 correspond to 
charges of -1, 0 and +1, etc.) Electro¬ 
magnetic interactions arc thought to de¬ 
pend only on charge. By a general rule 
of quantum mechanics this means that 
they should conserve I, (which meas¬ 


ures charge). But to say they conserve I, 
is the same as saying they conserve 
strangeness. Hence an isolated particle 
whose strangeness is not 0 cannot decay 
into particles with zero strangeness by 
an electromagnetic process. 

Eventually, of course, the strange 
particles do decay into ordinary ones, 
and on a time scale about the same as 
that for the weak interactions. So it 
seems that the strange-particlc disinte¬ 
grations are members of this great class 
of processes. Weak interactions, there¬ 
fore, do not conserve strangeness. It has 
recently been discovered that they also 
violate another conservation law, the 
conservation of parity, which has to do 
with symmetry in nature between right 
and left [see 'The Overthrow of Parity,** 
by Philip Morrison; Scientific Ameri¬ 
can Offprint 231). Whether there is 
any connection between the hvo laws 
and their violation is not known. In any 
case, it is clear nature has been con¬ 
cealing some of her most important se¬ 
crets in the weak processes, and that one 
of the major jobs facing physics today is 
to discover the laws which govern these 
processes. 


Selecting Particles 

When we began the search for a con¬ 
servation law to account for associated 
production, it was with the hope that it 
would tell us still more about the birth 
and death of strange particles. And so 
it does. For instance, the rule of asso¬ 
ciated production would permit a reac¬ 
tion in which two neutrons collide to 
form a pair of lambdas. 

In fact, this was considered one of the 
more likely reactions. But the reaction 
has never been observed, and the con¬ 
servation of strangeness tells us that, 
practically speaking, it never will be ob¬ 
served. The neutron 5 strangeness is 0 
and the lambdas is —1. Thus the neu¬ 
tron collision, if it yields a lambda, must 
also yield another particle with a strange¬ 
ness of +1, such as a neutral K: for 
example (n + n—>A® + n + K®), 

Once again let us consider the case 
of the sigma and K particles. The sigma 
is a triplet with strangeness -1. The K 
particles are a pair of doublets; the pair 
including the K* has a strangeness of 
+ 1, while the pair including the K' has 
strangeness -1. Hence it is possible to 
make a (strangeness -1) and a K* 
(strangeness +1) together, but not a 2* 
and a K , both of which have strangeness 
-1. The first reaction has been discov¬ 
ered in pion collisions with protons 
(^’‘I"P^2‘ + K*). Aside from the con¬ 
servation of strangeness, there seems no 


reason why the reaction should not also 
go the other way (7r‘ + p-^2* + K'). But 
this has not been found to happen, 
and the strangeness principle tells us 
why it has not. 

As a still further example of the power 
of the strangeness rule, we may examine 
the decay of the neutral sigma. The 
sigma triplet has the same strangeness 
(—1) as the lambda. The sigma is also 
some 150 electron masses heavier. 
Therefore* it should be possible, both 
from the standpoint of available energy 
and of conservation of strangeness, for 
the sigma to decay to the lambda. That 
is to say, the sigma should not have to 
wait for the weak processes to end its 
life. However, in the case of a charged 
sigma, there would have to be some 
other charged particle in the decay prod¬ 
ucts to conserve charge. It might be a 
pion (2*^A® +7r*). The pion's strange¬ 
ness is 0, so the strangeness accounts 
are in balance. But the pion’s mass is 
270, or about 120 more than is available 
energetically. The neutral sigma, on the 
other hand, docs not need to produce 
any other charged particles. Its excess 
energy can be carri<^ away bv photons 
(2®^A®+y). This reaction has in fact 
been observed. It is an electromagnetic 
process (since it involves photons) and 
is therefore only a little slower than the 
strong interactions themselves. 

Thus strangeness gives us rules for 
selecting the possible strange particles 
and their possible decays. As a matter of 
fact, a few particles were predicted by 
the strangeness table before they were 
actually found. The only one still miss¬ 
ing is the neutral xi. 

The Neutral K 

Before leaving this ''periodic table" of 
strange particles, one final comment is in 
order. It will be noticed that the K" and 
its antiparticlc are also listed as u dif¬ 
ferent pair of particles called the K , 
and One of the most striking suc¬ 
cesses of the strangeness theory was the 
prediction of this situation. The reason¬ 
ing which le<l to the prediction is too 
complicated to set forth here, but it indi¬ 
cates a remarkable shuffling process on 
the part of nature. The and anti-K* 
are made in different processes. Once 
made, each of them can decay in two 
different ways, one of which takes a little 
longer than the other. Quantum theory 
shows that only half of each type of par¬ 
ticle can follow either mode of decay. 
Thus we have tivo different manufac¬ 
turing processes and rivo different decay 
processes, with a reshuffling in between. 
Nature segregates the neutral K particles 
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on one basis in iheir manufacture and on 
another in their decay. She makes K' s 
and anti-K“’s. After they are made, half 
of each of these particles ‘‘become” K'/s 
and half become K'-j’s. This is demon¬ 
strated by the way they decay. 

In the strangeness theory, then, we 
have a means of classifying strange par¬ 
ticles. The theory is consistent with the 
fundamental idea of four groups of par¬ 
ticles and three t>'pes of reaction. Thus 
we still have only the heavy particles 
(some of them strange), the mesons 
(some of them strange), light particles 
and the photon. And the couplings be¬ 
tween them are strong, electromagnetic 
or weak. 

At present our level of understanding 
is about that of Mendeleyev, who dis¬ 
covered only that certain regularities in 
the properties of the elements existed. 
What we aim for is the kind of under¬ 


standing achieved by Pauli, whose ex¬ 
clusion principle showed why these reg¬ 
ularities were there, and by the inven¬ 
tors of quantum mechanics, who made 
possible exact and detailed predictions 
about atomic systems. 

We should like to know the laws of 
motion of the particles; to predict, 
among other things, how they will inter¬ 
act when they collide and how these 
interactions wll deflect one particle 
when it collides with another. As this 
article is written a number of physicists 
are hard at work on theories which they 
hope may supply the laws. Time will 
be the judge. 

On a still more fundamental level 
there are questions to which the an¬ 
swers seem as yet much more remote. 
Are all the particles we have mentioned 
really elementary, or are some of them 
just compounds of other particles? If so. 


which are elementary and which are 
not? Why has nature chosen to use this 
particular set of particles to build the 
material world? vhty are the charges of 
elementary particles limited to the val¬ 
ues + 1, -1 and 0? These and many 
other such puzzles seem to lie entirely 
beyond the power of our present theo¬ 
ries. Shall we ever know the answers? 
Every physicist has an abiding faith that 
we shall. But it will probably require 
some wholly new ideas. For one thing, 
many theoreticians believe that the 
present concepts may be entirely in¬ 
applicable at extremely short distances 
—of the order of the dimensions of 
the particles. In fact, it is suspected that 
here these concepts become self-con¬ 
tradictory. 

It is likely to be quite a while before 
the particle physicist finds himself out of 
a job. 


Tile Authors 

MURRAY GELL-MANN and E. P. 
ROSENBAUM are, respectively, a theo¬ 
retical physicist and a meml)er of the 
Board of Editors of Scientikic Ameri¬ 
can. Gell-Mann was bom in New York 
City, did undergraduate work at Yale 
University and took his doctorate at the 
Massachusetts Institute of Technology in 
1951. Later that year he attended the 
Institute for Advanced Study in Prince¬ 
ton, after which he went to the Univer¬ 
sity of Chicago’s Institute for Nuclear 
Studies. Gell-Mann’s interest in mathe¬ 
matics an<l physics was first stimulated 
by his father, whose hobby is mathe¬ 
matics. At M.l.T. he studied with Victor 
P. Weisskopf; at Chicago he ha<l an op¬ 
portunity to obsciA'c Enrico Fermi at 
work. Of Fermi, Gell-Mann writes: "His 
great genius was not something he c-ould 
share with others, but he could c-ommu- 


nicatc something of his style.’ Gell-Mann 
likes to travel; he worked out many of 
his ideas on "strange" elementary par¬ 
ticles during trips through the U.S. and 
Europe. He is now professor of physics 
at the California Institute of Technology. 


Charge Independence Theory of V 
Particles. Kazuhiko Nishijima in 
Progress of Theoretical Physics, Vol. 
13. No. 3. pages 285-304; March. 
1955. 

Elementary Particles. Enrico Fermi. 

Yale University Press. 1951. 

The Interpretation of the New Par¬ 
ticles AS Displaced Charge Multi- 
plets. M. Gell-Mann in Ntiovo Ci- 
mento, Supplemento al Vol. -I, Series 
10, No. 2, 2* Semeslre. pages 848- 
866; 19.56. 


Bibliography 


SPECIAL NOTE TO TEACHERS Each article in this volume, plus more Ihar^ 660 
others, is available as a separate. seU*boun<J SCIENTIFIC AMERICAN Ollprint, 
Olfpnnis may be ordered in any combinatior^ and in any quantity. Teachers who 
wont lo adopt arlicics lor their courses, therefore, can ensure that each student 
has his own set Students sets are collated by the publisher before shipment. 





SCIENTIFIC 

\ML*RICV\ February 1955, Vol. 192. No. 2. pp. 46-50 


OFFPRINT 214 


THE BUBBLE CHAMBER 


by Donald A. Glaser 


In their tense and ticklish state, superheated liquids will erupt into 
violent boiling when triggered by a nuclear particle. The first bubbles 
thus formed can be photographed to record the particle's adventures. 


I n their exploration of the submicro- 
scopic world of atomic nuclei, physi¬ 
cists are like men groping in n dark 
cave with a flashlight that goes on for 
only an instant and each time lights only 
a tiny corner of the cave. Occasionally 
the flash catches some activity or event— 
either a familiar particle behaving in a 
familiar way or some strange new par¬ 
ticle whose behavior is altogether baf¬ 
fling. From these scanty glimpses nuclear 
physicists are attempting to identify the 
particles and the forces at play in the 
dark, violent world of the nucleus of 
the atom. It would help if they had a 
better flashlight. 


Let us look for a moment at the events 
they are trying to observe and at the 
observing devices that have been avail¬ 
able up to now. Physicists are probing 
the nucleus by bombarding it with par¬ 
ticles, preferably particles with enough 
energy to break up the nucleus into its 
constituent parts. The projectiles may 
come from cosmic rays, particle acceler¬ 
ators in the laboratory, nuclear reactors 
or other sources. When a high-cnergy 
particle hits the target nucleus, any of a 
number of different things may happen; 
it may ricochet off and leave the struck 
nucleus unchanged; it may break the 
nucleus into fragments; it may give birth 


to entirely new particles, or it may be ab¬ 
sorbed. These events generaliv take 
place in something less than a ini!lii)nlh 
of a second. From that very* brief glimpse 
the physicist seeks to determine the en¬ 
ergy. the electric charge, the size or m»iss 
and the forces of interaction among the 
particles involved. 

He has had two ways of seeing and 
measuring these happenings. The first 
is the Wilson cloud chamber. In a clhim- 
her supersaturated with a vajxir. a flving 
charged particle leaves a visible trail of 
h(|uid droplets, which condense on the 
ions the particle has produced bv hitting 
vapor and gas atoms in its path. The 
density of droplets along the particles 
track indicates its velocity and charge, 
its response to a magnetic field shows 
its momentum and whether its charge is 
positive or negative, its occasional dis- 
niption of the nucleus of an atom in its 
path, or its rebound from such a nucleus, 
tells something about the forces in the 
nucleus. Sometimes the particle breaks 
down ('decays'*) into lesser particles 
which make divergent tracks. But these 
interesting events occur only rarelv in a 
vapor-filled chamber, because collisions 
in the gixs are infre<|uent. To improve the 
chances of the particle hitting a nucleus, 
one can put a series of lead plates in the 
chamber or increase the pressure (i.c., 
density) of its gas. Nonetheless, the 
cloud chamber has important hmita- 
tions. The density of the track is verv 
difficult to measure accurately. Particle 
tracks are lost from sight m the leatl 
plates, so that the length of the track 
cannot be precisely calculated and de- 
tails of collisions are hidden. After one 
particle has passed through, it takes a 
comparatively long time to clear the 
chamber for the next event, especially 
when the chamber is pressurizetl. 

The second devic'c for recording nu- 


BUBBLE TRACKS in JIguid hydrogen were produced by Luis W. Alvarez and his group 
at the Univerzaty of California. Their 2.S-inch rhamker, operated at about 400 degrees be¬ 
low zero Fohreiiheit, wae expoted to neutront. Tracks show paths of recoiling protons. 
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a large effect. Physical chemists have 
long known that in a clean, smooth- 
walled vessel a ver)' pure litiuid may be 
heated above its usual boiling point 
without boiling. When the superheated 
lujuid does begin to boil, it erupts with 
considerable violence, sometimes smash¬ 
ing the vessel. In chemical processes sub¬ 
ject to this hazard bits of broken glass 
or other “boiling stones” are often thrown 
in to provide triggering points for boil¬ 
ing and thus prevent superheating. I 
wondered whether a flying particle 


clear events is the photogr.ipmc emul¬ 
sion. It goes to the other extreme: it traps 
particles in a solid instead of in a vapor. 
In pa.ssing through the emulsion a par- 
tide leaves a trail of “exposed" silver 
grains which shows up on development. 
Nuclear physicists use special thick 
emulsions, stacked up in a number of 
l.iyers to lengthen the tracks of particles 
passing through. The nuclear emulsion 
has several advantages: It is simple, 
compact and can be carried anv'svhere, 
even into the upper atmosphere by 
balloons and rockets. A particle charg¬ 
ing into the dense emulsion has a high 
probability of colliding with nuclei; 
hence there is a good chance that the 


c-osmic rays and terrestrial radio- live). Pushed apart by tlieir mutual re- 
v;b\ the time the film is developed pulsion, the ions might leave tmy cavi- 
difficult to disentangle separate ties, or bubbles, in the litpiid. If such a 
; and impossible to tell when the mechanism actually operated, the speci- 
is tracks were made. Moreover, it Hcalions for a lupnd that could record 
tedious scanning under a high- the tracks of particles were clear: the 
microscope to Kiul the tracks at li.|uid should be nonconducting, so that 

the ions would retain their charges, it 
should have low surface tension, so that 
the force tending to collapse a cavity 
would be weak, and it should have high 
vapor pressure, which would tend to en¬ 
large e.ich cavity formed in the liipiid. 
Worked out in detail, the theory gave 
the rather sharp prediction tliat ether 
(the ordinary anestiictic), when super¬ 
heated to about 285 degrees F.ihrenheit. 
shoultl work as a track-forming lirpiid. 

I made the first test ver\' simple, be- 
c.iuse the whole idea seemed a long shot. 

I sealed some pure ether in an appa- 
r.itus consisting of two narrow glass 
bulbs (about four inches long and a 
tenth of an inch in inside diameter) con¬ 
nected by a capillars tube. The vessel 
was not completely filled with lirjuid: 
there was a little space left for vapor 
from the li(|uid ether. Now one of the 
bulbs was immersed in a hot bath at 
285 degrees and the other heated to 320 
degrees. As a result, the higher vapor 
pressure in the hotter bulb forced liquid 
into the other one so that the latter was 
filled with lirpiid. Since the heating 
raised the prcs.sure within the vessel to 
considerahlv more than that of the at¬ 
mosphere. the Ihjuid did not boil. Then 
the hotter bulb was removed from its 


C '^ould some compromise be found 
which would eliminate the defects 
and combine the respective virtues of 
the cloud chamber and the emulsion? It 
would be handy to find a particle-trap¬ 
ping medium which would be rlense 
enough to afford the freipieiit collisions 
and precise tracks of the emulsion, and 
llexible enough to be amen.ible to mag¬ 
netic fields and to give the good-si/xd, 
single picture of the cloud chamber, 
uith a »|uick recovery after each expo- 
Mas. 1952, I beg.in to trs’ a new 
,ippro.ich to tlic problem, and 1 soon de- 
cnied to ox|)lorc the possibility of a 
li'|uid medium. 

W'hat kind of reversible process in a 
liquid eould slioss the path ol a flying 
particle and ijuicklv erase tlie track after 
Its passage? It would base to he a proc¬ 
ess that niaginfiecl the tins effect of the 
• ilonhc particle itself, as the condensa¬ 
tion of dioplels 111 supersaturated v.ipor 
magnifies the iom/.ition produced by a 
particle in ;i cloud chamber. It occurred 
to me that a supeiheated licpiid. like a 
snpersatur.iteil \a|ior, might pros ide the 
desired unst.iblc equilibrium th.if roiiUl 
he tiicucred l)\ a small stimulus to vield 


sure 
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hot bath. Its vapor quickly cooled and 
the pressure dropped to one atmosphere. 
The superheated liquid in the 2^*de* 
gree bulb remained quiet for as long as 
several minutes. But when a bit of radio¬ 
active cobalt was brought near, it 
erupted instantly into violent boiling! 

Further experiments with other liq¬ 
uids and other sources of radiation con¬ 
firmed this discovery: ionizing radiuHon 
could indeed trigger boiling in a super¬ 
heated liquid. We cannot say this proves 
the theory that electrostatic force forms 


the bubbles; it may be that the dash of 
a particle into the liquid simply adds a 
little triggering heat, like the plunge of 
a hot needle. But in any cose the trig¬ 
gering action was a fact. 

^^he next step was to find out whether 
^ the process could be localized so as 
to form a track of bubbles. This time I 
used a somewhat larger bulb (half an 
inch in inside diameter) filled with ether; 
it was connected by a capillary tube to 
a piston-fitted cylinder with a hand crank 





FIRST EXPERIMENT demonUrated that particict can trigger boiling in a superheated 
liquid. When the Ieit*hand, 320-degree balh was removed, ihe pressure in the sealed lubes 
iell from 21 atmospheres to one atmosphere and liquid ether in the 28S-degree balli at 
right became superheated. The ether boiled when it was exposed to radioactive cobalt. 


which could quickly lower the pressure. 
High-speed movies, at the rate of 3,000 
pictures per second, were made of the 
happenings in the bulb when the pres¬ 
sure was reduced. Sure enough, the pic¬ 
tures disclosed a track of tiny bubbles 
when a particle darted through the su¬ 
perheated ether. The experiment also 
demonstrated that the larger the cham¬ 
ber, the shorter the time it can maintain 
its superheated condition, because of the 
greater likelihood of intercepting a stra) 
bit of radiation. This bulb remained 
quiet for only a few seconds after the 
pressure was lowered. 

The bubble type of chamber soon 
proved to be a very sensitive recorder. 
Even fast mu mesons, which ionize only 
lightly, made visible tracks in the super- 
licatcd licjuid. The chamber Wiis placed 
under four inches of lead and Ix^tween 
two Geiger counters connecto<l bv an 
electronic coincidenci* circuit, so that 
whenever a particle passed through l>oth 
counters (and of course the chamber 
between), the firing of the counters set 
off a flash, illuminating the apparatus 
for a camera whose shutter was left ojhui 
in the darkened room. The puq>osc of 
the lead screen and the twin counters 
was to restrict the photographed events 
to cosmic rays, and the particles were 
known to be mu mesons. 

By delaying the light flash to go on 
at a given time after the counters fired, 
wc were able to photograph the hiihbles 
at any stage of their growth. The bub¬ 
bles grow to a tenth of a millimeter in 
diameter within a few microset'onds 
after the particle has passed through the 
licjuid. We also found that tlu* number 
of bubbles along a given length of track 
depended sharply on the temperature. 

The tracks of mu mesons are not ver> 
interesting, because tliese particles rare¬ 
ly break up atomic nuclei. We therefore 
sought a way to make the instrument 
photograph other events. When hubbies 
erupt in the superheated litpiid. thev 
emit a distinct “plink*' sound. To use 
this sound as a trigger for the light Hash, 
David C. Ralim, in our lal«)rator\' at the 
University of Michigan, damped a pho¬ 
nograph pickup to the wall of the btibble 
chamber and connected it to an amplifier 
which flashed the ligitt whenever the 
phonograph needle sensed a vibration. 
The method did not, hotvever, viel<! 
shaq) pictures, because sound travels so 
slowlv that the bubbles in the chamber 
had grown too large by the time the pic¬ 
ture was made. 

At the University of Chicago H. 11. 
Hildebrand and his colleagues built a 
chamber like the one just tlescribed e\- 
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cept that they filled it with liquid pen- 
tane instead of ether. They expos<^ it 
to a beam of pi mesons from the Chicago 
synchrocyclotron. Their very beautiful 
pictures show that bubble tracks may 
be light or heavy, depending on the type 
of particle that produces them, and that 
the density of bubbles along a track is 
an index of the ionizing power of the 
responsible particle. Their chamber can 
be compressed and expanded once a 
second. It should be able to collect data 
very rapidlv on the interaction of pi 
mesons with the nuclei of hydrogen and 
carbon atoms in the pentane. 

I laving demonstrated that the bubble 
^ chamber idea worked, we pro- 
ct*edcd to the ta.sk of building one large 
enough for practical laboratory use. 
Flat glass windows were needed to make 
good pictures. It turned out to be im¬ 
possible to make an all-glass chamber 
strong enough to withstand the neces¬ 
sary' pressure changes. It therefore had 
to be made of metal, with small glass 
windows. However, this introduced a 
serious problem; rough spots on the 
metal and at the joints caused the li<[uid 
to start boiling. The rise in pressure due 
to tlie release of vapor by the boiling at 
the wall counteracted the reduction of 
pressure when wc expanded the cham¬ 
ber, so that it was impossible to attain 
the desired degree of superheating. \\'e 
loiin<l that we cx)uld get around this dif¬ 
ficulty by expanding the chamber vers’ 
quicklv. In other words, the volume of 
the chamber was increased faster than 
\apor was evolved at the wall. Hie de¬ 
sired drop in pressure and superheater) 
C'ondition was maintained for several 
thoiisandtlis of a sec*ond. 

We first built a two-inch chamber of 
duralumin and glass, with a diiipliragm. 
actuated b\ c<imi>ressed air, which (i)ul<l 
full\ expand the chamber m five thou* 
sandtlis <if a second. The liquid remained 
sensitive for seven thoiisaiultlis of a sec¬ 
ond. W'v tluii incorporate<l the same 
design fe.iliires m a larger ptuitane-filled 
version in which the li<|uid volume is six 
mches long, two inches wide and three 
inches high hhis chamber is now in us<' 
witli tlie (;osinolron at the Biookhavcn 
National Labotatorv, We have made 400 
<'Kcellent pictures of tracks of pnitons 
fr<»m this ac'crlerator. Two of the pic¬ 
tures appe.u <jU the next page. 

Tlieso track photographs are as easy 
to MMii as th<‘ host cloud (‘hamber rec- 
oids and aw al)out 10 times as ac*c*urate. 
The bubbles giov\ so fast tliat the tracks 
(.m b(* ])hotographe<i before swirling 
motions m tlu* IhjukI distort them. The 



TWO-INCH CHAMBER h made of duralumin and ll ronnccU through the thin 

pipe nitli a magnetically-operated valve which reduces the pressure in five milliseconds. 



L XRCEST HCinil.F CH XMRF.R built so far, measuring si^ by three by two inches in¬ 
side. being tested at Brookh.ivrn National Laborotor). The glass window is at the left. 
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trails in cloud chambers are usually con* 
siderably distorted by convection cur* 
rents. Also, the density of bubbles in a 
bubble*chamber track may be a better 
index of particle energy than the droplet 
density in a cloud chamber. 

*Dut the most dramatic difference is in 
^ the frequency Witii which interest¬ 
ing events are recorded. The sixdnch 
bubble chamber catches as many of these 
as would an ordinary cloud chamber 140 
feet long! A typical series of such events 
is shown at the left of the lower photo* 
graph below. A pi meson entered the 
chamber from the left» was stopped in the 
liquid and decayed to a mu meson; the 
latter, after traveling about three milli* 
meters in the liquid, stopped and decayed 
into an electron. Such complete records 
of pi*mu>electron decays show up rarely 
in nuclear emulsions; in cloud chambers 


they are virtually unknown. (The path 
of a mu meson in a cloud chamber would 
be more than three yards long!) Yet the 
first 22 bubble-chamber pictures from 
Brookhaven, taken in 11 minutes, con¬ 
tained eight of these events. Among 
other interesting features in the pictures 
reproduced here is the destruction of a 
carbon nucleus with the creation of a 
pair of pi mesons. One especially inviting 
puzzle that still awaits analysis is the 
strange zigzag track down the middle of 
the upper photograph on this page. 

Another advantage of the bubble 
chamber is that it mav be filled with a 
light-atom liquid, which does not deflect 
particles much and therefore will permit 
magnetic-field experiments, or with an 
extremely dense liquid, which will pro¬ 
duce a great amount of scattering, as an 
emulsion does. 

Often nuclear physicists wish to bom¬ 


bard a single "elementary'* particle— 
e.g., protons—to see what fragments may 
be produced. They direct the bombard¬ 
ing beam at li<juid hydrogen as the tar¬ 
get and observe the results by means of 
detectors placed around it. The bubble 
chamber makes it possible to have the 
target material within the chamber itself. 
Superheated liejuid hydrogen will boil 
and show particle tracks. Luis W. 
Alvarez and his group at the Universitv 
of California have made pictures of pro¬ 
tons in the li<|iiid hydrogen recoiling 
from collisions with incoming neutrons 
[see photograph on page i09]. 

It appears that the bubble chamber 
will become a standard detection instru¬ 
ment for work with the high-energv par¬ 
ticle accelerators in laboratories, and 
that it will speed up the rate at ssluch 
we cun gain information about strange 
particles and nuclear forc'cs. 



BUBBLE-CHAMBER PICTURE show 


s the two-bllliori-eleetron 
volt proton beam of the Cosmotron at the Brookhaven Laboratory 


The protons enter the chamber from the left. .\i \o\str left a rarhoi 
nucleus has been disrupted. Zigzag track in the center i» a mjMery 
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DONALD A. GLASER is professor of 
physics at the University of Michigan. 
Bom in Cleveland in 1926, he went to 
the Case Institute of Technology with 
the idea of becoming a mechanical engi¬ 
neer. After six weeks he decided against 
engineering and turned to physics. He 
went to do his graduate work at the Cali¬ 
fornia Institute of Technology under Carl 
D. Anderson, and for his Ph.D. thesis 
investigated high-energy cosmic rays. 
Claser claims that the encouragement to 
try his bubble-chamber idea, which he 
had already been mulling over, came one 
night during a beer session with some 
phvsicist friends: "After several pitchers 
of beer ^^c began to wax philosophical 
about physics. One of the boys, looking 
dreamily into the pitcher of beer before 
him, saw the usual streamers of bubbles 
and remarked, 'Nuclear physics should 
be easy. You can see tracks in nearly 
evcrvthing.’ Just f«)r fun 1 actually ex¬ 
posed some beer to gamma rays the next 


day in the laboratory. Nothing hap¬ 
pened.” But as he explains in his article, 
he went on to more serious tests which 
succeeded. Claser is a devotee of cham¬ 
ber music; while in high school he was a 
violist in the Cleveland Philharmonic 
Orchestra, and he still joins friends in 
quartets. 
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THE MASER 


by James P. Gordon 


It is a quantum-mechanical device which amplifies very short radio 
waves with extraordinary fidelity. The basic element of the early 
masers was gaseous ammonia; the latest models make use of crystals. 


T he 50-foot radio telescope at the 
Naval Research Laboratory in 
Washington, D.C., recently ac¬ 
quired a strange accessory. Mount^ just 
behind the antenna, at the center of the 
telescope s parabolic reflector, is an ob¬ 
long box containing a synthetic ruby 
and some standard microwave equip¬ 
ment. A bath of liquid helium chills the 
ruby to the temperatures of the cold 
reaches of space which the telescope 
surveys. With the help of this refriger¬ 
ated gem astronomers hope to extend 
their range of observation far beyond its 
present limits, perhaps far enough to 
clear up once and for all the mysteries 
of the size and geometry of the universe. 

The ruby is part of a new microwave 
device called the ''maser.” The letters 
of this odd word stand for Microwave 
Amplification by Stimulated Emission of 
Radiation. The maser represents the ulti¬ 
mate in high-fidelity amplifiers. The best 
previous amplifiers, using vacuum tubes, 
put out a mixed signal which combined 
an amplified version of the input with a 
wide assortment of oscillations originat¬ 
ing in the tubes themselves. If the input 
signal becomes weaker, the percentage 
of noise in the output increases, and the 
resemblance between input and output 
diminishes. Eventually a point is reached 
where the input, though still amplified, 
can no longer be recognized in the out¬ 
put. The great virtue of the maser is that 
it generates practically no noise. It can 
detect much weaker signals than other 
amplifiers can, and hence pick up radio 
waves from far more distant points in 
space. As we shall see, it is also finding 
a number of other important applications 
in science and technology. 

What makes the maser so quiet? It is 
perhaps helpful to ask first; What makes 
vacuum tubes so noisy? Vacuum tubes 
utilize a stream of agitated electrons 


which are boiled out of a cathode and 
sent crashing into a collecting plate by 
an outside voltage. The signal to be am¬ 
plified imposes its variations on the elec¬ 
tron stream. But the particles have their 
own random variations, which are in¬ 
evitably part of the output of the tube. 
It is a tribute to the ingenuity of electri¬ 
cal engineers that, in improvements such 
as the traveling-wave tube, they have 
been able to go so far toward muffiing 
the effects of unruly electrons. The least 
noisy of these tubes, however, leaves a 
lot to be desired. 

The maser dispenses with streams of 
electrons altogether. Instead it makes 
use of certain intrinsic oscillations in 
many types of material particles. These 
oscillations are basic phenomena of 
nature. The idea of harnessing them for 
useful work occurred independently a 
few years ago to several workers in the 
field of microwaves, including C. H. 
Townes of Columbia University, N. C. 
Basov and A. M. Prokhorov in the 
U.S.S.R. and j. Weber of the University 
of Maryland. 

^^0 appreciate what led to this notion 
^ we should briefly consider the inter¬ 
action between high-frequency radiation 
and matter. Every student of elementary 
physics has witnessed the experiment in 
which light from a sodium lamp is shined 
into a container of cool sodium vapor 
and is completely absorbed. At the same 
time light of a different frequency—that 
is, color—from some other source passes 
through the container undimmed. The 
classical explanation is that every atom 
and molecule has certain natural vibra¬ 
tions which occur at sharply defined fre¬ 
quencies. When the oscillations of light 
or of other electromagnetic waves co¬ 
incide with one of these frequencies, the 
radiation gives up energy to the atom or 


molecule, causing it to vibrate like a pen¬ 
dulum which has been set swinging by 
a series of properly timed pushes. Con¬ 
versely, if atoms or molecules can be 
made to vibrate by some other means, 
say by thermal agitation, they will emit 
electromagnetic waves of the same char¬ 
acteristic frequency. In the experiment 
just mentioned, waves from hot, vibrat¬ 
ing sodium molecules are absorbed by 
the cold molecules. Waves whose fre¬ 
quency does not correspond to the fre¬ 
quency of the sodium vibrations pass 
through unaffected. 

If the reader is wondering how such 
a mechanism can be made to amplify the 
energy in a wave, he may as well stop. If 
the "classical”—that is, pre-quantum me¬ 
chanical explanation were completely 
correct, there would be no maser. (As a 
matter of fact, there would be no atoms. 
On the classical theory electrons revolv¬ 
ing around atomic nuclei would continu¬ 
ously radiate away their energy and spi¬ 
ral into the nucleus. All of ordinary' mat¬ 
ter would thus collapse.) 

To discover the secret of the maser we 
must turn to the quantum picUire of 
matter and radiation. In this view atoms 
and molecules exist most of the time in 
one of a number of stable, nonradiating 
states. Each state corresponds to a fixed 
quantity of energy. Radiation, on the 
other hand, consists of the particles 
called photons, carried by a sort of guid¬ 
ing wave. The frequency of the wave is 
a measure of the energy of the photons, 
according to Max Planck's famous equa¬ 
tion £ « h/. A particle of radiation is pro¬ 
duced when an atom falls from a higher 
to a lower energy state, and the energy* of 
the photon is exactly e<}ual to the differ¬ 
ence in energy between the states. When 
an atom jumps the other way, from a 
lower to a higher energy state, it absorbs 
a photon of the same frequency. Thus 
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when radiation passes through an assem¬ 
bly of atoms, one of three things can 
happen. If the energy of the photons 
does not ecjual the difference between a 
pair of energy levels in the atoms, there 
is no interaction. If the energies match, 
and a photon collides with an atom in 
the lower of the two states, the radiation 
will be absorbed and the atom will be 


a 


> 
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‘‘excited*’ to the higher state. If the pho* 
ton collides with an atom in the higher 
state* it will cause the opposite jump, 
down to the lower state, and a new 
photon will be emitted. Thus there will 
now be two photons where before the 
collision there was only one. 

In any assemblage of atoms there is 
always some traffic between low- and 


high-energy states. The atoms keep hop¬ 
ping up and down in their energy states, 
boosted by energy received in chance 
collisions and falling because of their 
natural tendency to seek the lowest 
energy level. Under ordinary conditions 
the lower states are always more densely 
populated than the higher ones. Thus 
when radiation of the appropriate fre- 




Ql ANTI M*MK(!HANICAL VIEW ol ihe inleraction is fimilorly depicted. Here the 
vlectroni0f;nrlir mdiation is regarded not as Q \sa\e but os a photon luhilf dot) guided 
by u Have. The Irequenry of tbc guiding Have is related to the energy of the photon. The 
molecule does not vibrate; the broken circles merely indicate that the atoms are regarded 
a* simultaneously occupying a number ol positions. At top left the molecule is ot a lower 
energy level. At bottom left the molecule has been '‘excited*' by a photon of the appro- 
t)rialf energy, and raised to a higher energy level. At top right the molecule is at the higher 
energy level. Ai bottom right it hos follen to the lov^er energy level ond emitted a photon 
nl rhoracterifrlic energy. Scale at right ol the« four illustrations suggests energy levels* 
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quency passes through the assemblage 
of atoms, more photons will be absorbed 
than new ones created, and the outgoing 
beam will be weaker than the incoming 
beam. 

But suppose it were somehow possible 
to change the distribution of energy 
levels so that there were more atoms in 
the higher of two states than in the low* 
er. Then a beam of photons of the appro¬ 
priate frequency would produce more 
downward jumps than upward ones; the 
net effect would be that more photons 
would come out than went in. In other 
words, the output wave would have 
more energy than the input wave. This 
is the secret of how the maser amplifies. 



^he first of the masers to be developed 
^ is based on the molecule of ammonia. 
For reasons we shall mention in a mo* 
ment, the ammonia maser is more tiseful 
as an oscillator and a timekeeper than 
as an amplifier. It is in any case a remark¬ 
able device: a simple metal chamber, 
into which only a little ammonia gas is 
admitted, which yields a weak micro- 
wave signal of almost unbelievable 
purity. Its output wave falls short of a 
mathematically perfect sine curve by less 
than one part in 100 billionl 

The molecule which produces this 
perfect monotone has the shape of a 
pyramid. At the apex of the pyramid is 
a nitrogen atom; at the base, three 
hydrogen atoms [see illustrations at 
right]. The nitrogen atom is able to move 
through the plane of the hydrogen 
atoms, thus turning the pyramid inside 
out. On the classical theory we picture 
the nitrogen atom flipping back and 
forth at a characteristic frequency of 
about 24,000 million vibrations per sec¬ 
ond, or 24,000 megacycles per second. 
At any given instant the nitrogen atom 
is on one side of the hydrogens or on 
the other. From the quantum point of 
view the nitrogen has at a given time a 
certain probability of being on either 
side—in a sense it is partly on both sides. 
Moreover, the mole^e as a whole has 
two distinct energy states. The differ¬ 
ence in energy between the states equals 
the energy of a photon with a frequency 
of 24,000 megacycles per second. 

Now it happens that ammonia mole¬ 
cules in the higher state are repelled by 
strong electrostatic fields, whereas those 
in the lower state are attracted. Thus we 
have a method for segregating the high- 
energy molecules and getting maser ac¬ 
tion. The separator is a cylinder of 
charged rods [see illustration at top of 
page 120], In the vicinity of the rods 
the field is strong; along the cylinder's 
axis the field is weak. When a beam of 


CLASSICAL VIEW OF THE AMMONIA MOLECULE is that its single oilrogen otom (large 
ball) ribrslei back and forth acrou ibe plane of its three hydrogen atoms (small bails). 



QUANTUM-MECHANICAL VIEW OF THE MOLECULE is that. In a sense, the nitrogen 
atom is simnltaneonsly on both sides of the plane of the hydrogen atoms. The molecule may 
occupy either a higher energy level (cop i7/uscralion> or a lower energy level < hociom I. 
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ammonia molecules is sent through the 
separator, those in the upper state are 
attracted to the axis, while those in the 
lower state are pulled toward the elec¬ 
trodes and dispersed. Out of the far end 
comes a stream of molecules, virtually 
all of which are in the upper energy- 
state. If these molecules are irradiated 
with 24.000-megacycle microwaves, only 
downward transitions will be induced. 
Energy will be given up by the mole¬ 
cules to the microwave field, and the in¬ 
coming wave will be amplified. 

In the actual instrument ammonia gas 
at low pressure escapes from a nozzle 
into an evacuated chamber containing 
the separator and a resonant cavity. 
After passing through the separator, 
molecules in the upper state enter the 
cavity, into which the microwave signal 
is fed through a waveguide. 

The resonant cavity is simply a metal 
box with highly re Meeting walls. Each 
incoming photon can bounce back and 
forth across the chamber thousands of 
times before it escapes again, greatly in¬ 
creasing its chance of interacting with a 
molecule in the beam. 

Whenever there is a collision, a new 
photon is born. It too is trapped in the 
chamber for a time and may collide with 
another molecule, producing a second 
now photon, and so on. If there arc 
enough molecules m the cavity, this 
chain reaction becomes self-sustaining; 
tlie amplifier turns into an oscillator, 
generating its own wave without any 
input signal. 

Tlie ammonia maser is an cxtraorcli- 
narilv stable oscillator. Us virtually un- 
varving sine waves cun be used as a 
‘ poiululum’* to regulate an almost per¬ 
fect clock [see "Atomic Clocks.^* by Har¬ 
old Lsons; ScifcNTinc Amkiucas* Off¬ 
print 225). Although such timepieces 
have not yet boon fully tosted. it has 
boon domonstrated that two ammonia 
rnasers will maintain their fre(|ucncios 
with rosjH'ct to each other for at least a 
yo.ir with an accuracy of one part in 10 
l)illion. A maser-rogulated clock should 
gain or lose n<i more than one sec'ond in 

a few huTulrod years. 

✓ 

As an amplifier the ammonia maser 
has a romarkahlv narrow hand-width, it 
will not .implify waves which depart 
from Its central frcHpicncy hy more than 
3.000 to 5.000 cycles Thu ammonia 
maser is not readiK tunahle, the central 
(mjuency cannot easily be changed. 

I Ills means that it is not really a practical 
arnplili<T. If it were used in a comnuini- 
catKJiis channel, it ctnild transmit only 
one voice at a time; it could not come 
<lose to receiving a television station. 
The ammonia maser was, however, the 


instrument which first demonstrated 
the great potentialities of maser ampli¬ 
fiers. Moreover, studies of its resonance 
curve have contributed important infor¬ 
mation about the magnetic fields within 
the ammonia molecule. 

I t was not until the invention of masers 
that utilize solids rather than gases 
that practical low-noise microwave am¬ 
plifiers became a reality. Solid-state 
masers have a noise level even lower 
than that of the ammonia maser. Fur¬ 
thermore they are tunable, they have 
much broader band-widths and they put 
out much more power. The fact that their 
frecjuencies can be varied makes them 
unsuitable as standards of fre<juency or 
of time, but it adds considerably to their 
general usefulness as amplifiers. 

The action of the solid-state maser 
also depends on (juantum jumps, but 
they are jumps of electrons within in¬ 
dividual atoms rather than energy transi¬ 
tions of whole molecules. It is by now a 
familiar fact that every electron is in ef¬ 
fect a small spinning magnet. In most 
atoms, which are nonmagnetic, the elec¬ 
trons are paired off with their poles op¬ 
posed to each other so that their mag¬ 
netism is canceled out. There are a few 
substances, however, in whose atoms the 
cancellation is incomplete; some elec¬ 
trons arc unpaired and the material as a 
whole is magnetic, or, in technical terms, 
paramagnetic. 

It is the behavior of unpaired electrons 
placed in an external magnetic field that 
makes the solid-state maser possible. As 
usual, there arc two ways to describe this 
behavior: the classical way, which has 
the advantage of being easy to \nsualize 
but the drawback of being incomplete; 
and the cjuantum way, which is im¬ 
plausible but correct. Classically wc im¬ 
agine that the spin axis of the electron 
wobbles, or processes like a top around 
the direction of the field [see diagrotn at 
left in illusiratiou at top of opposite 
pnge) In (juantum terms we say that the 
spinning electron can have just two posi¬ 
tions: one in which its axis points in the 
same direction as that of the field; the 
other in which it points in the opposite 
direction. The two positions constitute 
different (juanturn states, the higher of 
which is represented by the electron 
wliose axis points in the direction of the 
held. As in the case of molecules, the dif¬ 
ference between the levels corresponds 
to the energy of a photon whose fre- 
(jiiencv e(juals that of the classical vibra¬ 
tion. Also a.s 111 the case of molecules, 
there are normally more electrons at 
lower levels than at higher. 

To make a maser we simply need to 


find a way of reversing the normal dis¬ 
tribution and putting the majority of 
electrons in the upper state. Then if they 
are irradiated with photons of the cor¬ 
rect frequency, they will jump down, 
amplifying the incoming beam. 

The first type of solid-state maser that 
was developed is known as the two-level 
paramagnetic maser. In some versions 
the paramagnetic material is a silicon 
crystal containing some impurity atoms, 
such as those of phosphorus, which have 
one more electron than they need to 
satisfy their role in the crystal lattice. In 
other versions it is a quartz crystal which 
has been subjected to neutron bombard¬ 
ment to release unpaired electrons. The 
crystal is placed between the poles of a 
strong magnet and cooled to a tempera¬ 
ture a few degrees above absolute zero 
in a bath of liquid helium, so that most 
of its unpaired electrons fall into the 
lower of their two possible energy states. 
Then it is subjected to a fairly high-pow¬ 
ered microwave pulse, which briefly 
raises the majority of the electrons to the 
higher state. While this “inverted popu- 
lation” of electrons lasts, it can act as 
an amplifier for a weak microwave sig¬ 
nal. In silicon the amplifying period 
lasts about a minute after each “pump- 
ing“ pulse; in quartz, only a few thou¬ 
sandths of a second. 

The difference between the energy of 
the upper and lower levels depends upon 
the strength of the magnetic field. 
Hence by adjusting the strength of the 
magnet, the maser can be tuned over a 
wide range of fre([uencics. With very 
strong fields it may be possible to reach 
the never-never land of waves a fraction 
of a millimeter long. 

In a solid cr^'stal the outside field is 
not the only one to act on unpaired elec¬ 
trons. The electrons are also influenced 
by the magnetism of neighboring atoms. 
The internal magnetic effect varies from 
point to |X>int in the cry stal, so that not 
all the electrons are subjected to exactly 
the same field. Thus they respond to 
slightly different frequencies, and this 
is the reason for the wider band-width of 
the solid-state devices, 

T he chief disadvantage of the two- 
level maser is that it can be operated 
only in bursts; its amplifying action 
stops each time its electrons drop down 
again to the lower level. This problem 
has been overcome with the develop¬ 
ment of the newest member of the maser 
family; the three-level paramagnetic 
maser. 

Conceived by Nicolaas Bloembcrgen 
of Harvard University, the three-level 
paramagnetic maser has a basic element 
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ELECTRON IN A MAGNETIC FIELD (colored arrows) u dc* 
paeted from ihe cUiiical fttflndpoint (left) and from Ihe quantum* 
mechanical (righi)^ In Ihe classical view the axil of the electron*! 
ipin precei»eft» or wobblei, around the direction of the magnetic 
field at a frequency relolcd to the itrength of the field. In the 



quanlum*mechanica] view the electron has a higher energy state 
(top right) in which its ^louth** mognetic pole is pointed in the 
direction of the field, and a lower energy state (boiiom right) in 
which the pole ii pointed in Ihe opposite direction. The differ¬ 
ence in the energy levels Is related to the itrength of the field. 








THRE&LEVEL SOLID*STAT£ MASER is considered. At left to the highest by microwave energy of the appropriate frequency, 

ore electrons in three energy states; the largest number of elec* At right electrons drop from the highest state to the middle state. 

Irons is in the lowest state, the smallest number is in the highest emitting microwave energy of a lower frequency. Thus energy 

slate# In the middle electrons are **pumped** from the lowest state pul into the maser at llic latter frequency can be amplified. 
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AMMONIA MASER srnds ammonia nioleculcs in \y>o cnerfty slalcs 
iliroiifth a cylinder of clecUically ch.irj-ed rod». The molecule® in 
ihc lower Male < fefofA* fiots) are pulled toward ilie rod®; the mole- 


rule® in the higher Mate (colored) are aUracled to the axis ol the eyl* 
inder. The molecule® in the higher slate ihen enter a resonant cavity 
(rigliM, where ihey may be used to amplify a microwave signal. 

level containing fewer atoms than the 
one below it [see illustrotion ot bofiotn 
of preceding irradiate 

the solid with microwaves of the proper 
frequenev’. causing a jump from the low¬ 
est of our three levels to the highest. By 
this pumping action the top level is kept 
fuller than the middle one. Therefore 
a weak signal whose frequency corre- 


^insisting of atoms with more than one 
unpaired electron apiece. Atoms of this 
kiiul are found in the naturally para¬ 
magnetic elements such as iron and chro¬ 
mium. in which <>nc of the interior shells 
uf electrons is not filled. Quantum me¬ 
chanics tells ns that in many such atoms 
ilu re is one more energy level than the 
number of unpaired electrons. For ex¬ 


ample. chromium atoms, which make up 
part of the niby cr>*stal. possess three 
unpaired electrons and thus have four 
energy levels. 

Any throe of the available levels can 
he used. W'hen the ciA'stal is cooled to 

4 

ven' low tcmpcraUiros. the aloms dis¬ 
tribute themselves among the energy 
states in tlie usual way. each higher 



COMI’ONKMS OF A THHFF I FA FI. M N^FR ni.pf.ir in ihr pr.iph al left i‘ei^scnlially a wnvfpuide ihrouRli which microwaves 
|il>iiiii;;r,i|ili‘ on ihc.'C t«o T lie i.hjei I ai io|i ill I hr ]>holo- arc roinluclcd lo the maser cell. The object at bottom in the same 



















SOLID-STATE MASER consuls essentially ol a crysial [center) in the crystal to a higher slate. An input signal i colored curve at 
between the poles ola magnet (lopofui bottom). Microwave energy lower frequency is amplified ^colored curve ol rtg/i/i 

of on appropriate frequency [bUtek curve at left} pumps electrons at the expense of the pumping energy * black curve at righi i. 


spends to the energy gap between the 
top and middle levels will cause more 
downward than upward transitions, and 
the signal will be amplified. Pumping 
and amplification can go on at the same 
time, and so the maser operates con¬ 
tinuously. 

The first three-level maser was built 
at Bell Telephone Laboratories. Since 


then numerous masers of this kind, in¬ 
corporating a variety of different crys¬ 
tals, have gone into operation at many 
other laboratories. One of them, as we 
have indicated, is already attached to a 
radio telescope. Soon they will be ap¬ 
pearing in other applications. 

There arc jobs to be done by all the 
members of the maser family. In addi¬ 


tion to simply telling time, ammonia and 
other gas-maser clocks will help explore 
some of the basic cjuestions of physics. 
One plan is to recheck the celebrated 
Michelson-Morlcv experiment, which 
demonstrated that the speed of light is 
con.stant. Turning the masers beam of 
molecules in two directions—along the 
path of the earth’s travel and against it — 



photograph Is the miuer cell, which it niouiiied at llie right end of 
the waveguide. In the photograph ol right the mater cell it dit- 


tected. One section of the large synthetic riihy ol the n1a^cr 
against the ro^ of pins in the middle; another one is to the left. 
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shoviM result in no change of the output 
freijuiMicy. if light travels at u constant 
rate regardless of the motion of the ob¬ 
server. If there is a difference, it is too 
small to show up on Michelson’s light 
interferometer. But the maser may be 
able to detect it. [As this issue of Scien¬ 
tific A^fEluCAN went to press, it was 
announced that the experiment had been 
performed by Townes, working with 
J. P. Cedarholm, G. F. Bland and B. L. 
Havens of the International Business Ma¬ 
chines Watson Laboratory at Columbia 
University. No difference was detected.] 
Another project is a check on the 
general theory of relativity, which pre¬ 
dicts that clocks are slowed up by gravi¬ 


tational fields. Artificial satellites will 
soon be circling the earth at distances 
where its gravity is noticeably weaker 
than at the surface. An atomic clock 
mounted in one of these vehicles could 
demonstrate the effect, if it exists. 

Maser amplifiers may greatly simplify 
long-distance radio and television com¬ 
munication. As an example of what may 
be in the cards, suppose a ring of baUtHin 
satellites were made to circle en<llrssly 
around the earth. They would be per¬ 
manent reflectors, from which signals 
could be bounced from any point on the 
earth*s surface to any other. The re¬ 
ceived signals would be very weak. But 
the cold and lonely satellites would not 


contaminate them with much noise. 
Thus the sensitive, almost noiseless 
maser amplifiers could pick them up and 
boost them to useful levels without de¬ 
grading them beyond recognition. 

French workers have applied the 
maser principle to build a super-sensi¬ 
tive magnetometer for measuring the 
earths field. In other laboratories peo¬ 
ple are thinking of using masers to pro¬ 
duce beams of infrared radiation with 
an extremely narrow band of frequen¬ 
cies. The list is not exhaustive, and 
there are probably important applica¬ 
tions that no one has thought of as yet. 
Quantum mechanics is adding a new 
dimension to “classical** ciectroni«. 



COMPLETE THREE-LEVEL MASER is photographed at Bell 
Telephone Laboraloriei. In center, between the polet of a Urge 


electromagnel, U a Bitvercd flask which is filled with litiuid helium. 
The maser cell is inside the flask between the two magnet iwles. 
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DYING STARS 


by Jesse L. Greenstein 

The white dwarfs, with their thermonuclear fires long since 
extinguished, are cooling down to the temperature of space. 
They are a portent of the inexorable fate of all other stars. 


H ere and there among the tens of to that of the earth and even smaller, 
thousands of stars in the nearby compressing their huge masses to un¬ 
regions of our galaxy are a few imaginable densities of many tons per 
hundred whose Bres have gone out. Once cubic inch. In their fading light, detecta- 
they burned as brilliantly as any we now ble only by the instniments and tech- 
see in the sky. Some had the ''normar* ni<{ues of modern astronomy, they arc 
size and brightness of the sun; some radiating the heat still left from the past 
were giants, with many times the sun's out into the cold reaches of space 
diameter and brightness. Now these stars We call these stars ‘'white dwarfs/’ 
are approaching the end of the road. They hold clues to many interesting 
They have exhausted their fuel. The in- questions of astrophysics. Until recent- 
ward pull of gravity, no longer opposed ly, however, much of what we “knew” 
by the outward push of pressure gen- about them was the fruit of theoretical 

erated by heat within, has shrunk their speculation. They comprise some 3 per 

diameters to a tiny fraction of stellar size, cent of all the stars in our galaxy and so 



MOMENTUM OF PARTICLES in a gan (solid line} IoIIowa the bell curve of 

random dhlribution. In a ^degenerated gat (broken line}^ the curve show* fener loH«mo« 
menium •tale* available. Only the few parcielea above the Fermi threshold move si random. 


must be rated a common type. Yet tbeir 
luminosities are so low that only a few 
hundred have lyeen tentatively identified 
and only 80 observed in any detail. 
Study of their color and the lines dc- 
tectable in their spectra is yielding new 
insight into the synthesis of elements in 
younger stars. Their densities represent 
states of matter which we cun hardly 
think of duplicating in terrestrial labora¬ 
tories. But the white dwarfs have a more 
general significance. They are a portent. 
They show us that the laws of thermo- 
dMiamics, vs hich circumscribe events on 
the minuscule scale of our planet, hold 
also as the inexorable plan of the life 
history of the stars. 

4n irreverent physicist once rephrased 

^ the laws of thermodynamics to read; 
(1) you can't win, (2) you can’t even 
break even, (3) things arc going to get 
worse before they gel better and (4) 
who says things are going to get better? 

When it is applied to stellar processes, 
the first law rcmiiuls u.s tliat stars do not 
create energy, but only convert energy 
from one form to an eipiivalent (juantitv 
of another form; that is, they convert to 
radiant energv the energy contained in 
their gravitational potential and in that 
fraction of their mass which is c'onsumed 
in thermoiuiclear reactions. They can 
never produce more energy than they 
start out with. In a steady-stale star. 

4 

with a stable balance between its gravi¬ 
tational contraction and the pressure 
generated bv the heat within, the ex¬ 
penditure of tlierinonuclear energv can 
go on for a long time—10 billion years 
in the case of the sun. 

Bui the second law reminds us ih.il 
this cannot go on forever. A star can 
never recapture the energv it wastes 
into the sink of spaw; its life history is 
irreversible. As it use.s up the livdrogen 
that comprises the bulk of its substance. 
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the thermonuclear furnace begins to fab 
ter. Gravitational contraction restores 
the e<|uilibrium. converting potential en¬ 
ergy into thermal energy. But contrac¬ 
tion raises the density of the star* and 
the new balance between gas pressure, 
heat transfer, energy production and ra¬ 
diation loss changes the internal struc- 
tiire. The star brightens, its outer enve¬ 
lope grows larger, and stellar ‘'evolution** 
bcgins-earlier in the life of brighter 
stars, later in that of the fainter ones. 

As the star enters the last phase of its 
existence it shrinks to the final, stable 
configuration of a white dwarf. The third 
and fourth laws of thermodynamics now 
assume increasing relevance to its con¬ 
dition. The third law says that the star 
will ultimately cool down to the torn- 

4 

poralure of space, and the fourth law 
declares that it will then no longer give 
forth light or heal. At this terminal point 
the white dwarf becomes a black dwarf. 
Since we could not observe black dwarfs, 
if there are any, we shall not now give 
furtlier consideration to them. In any 
case a star persists as a white dwarf for 
billions of years. Its structure and condi¬ 
tion in this phase is what interests us 
here. 

Matter at white-dwarf density is 
strange to tx)ntemplalc by celestial as 
well as terrestrial standards. A star like 
the sun has an average density of almost 
one gram per cubic centimeter, al>out 
the same as that of water. Astrophysicists 
nonetheless find it feasible to deal vs'ith 
the behavior of solar matter as if it were 
a gas. witli its particles free to move 
about at random. At the high temjH^ra- 
tures of the solar interior, hydrogen is 
y7 per cent ionised; the electrons of 
nearly all the hydrogen atoms are 
stripped from their nuclei (protons). 
This means that the bulky structure of 
the hydrogen atom. 10.000 limes the 
(li.imeter of its constituent particles, is 
obliterated. As a result a cubic ccnli- 
meter of ordinary stellar material is 

4 

largely empty space. The liny protons 
and electrons arc free to move in all di¬ 
rections and at all velocities, just as thcN 
would in a highly rarefied gas. 

In a while dwarf, on the otlier liainl. 
.1 mass on the order of the sun. ccjual to 
earth masses, may be packed 
into a volume no larger than that of the 
e arth, which has but one millionth the 
sun*s volume. The density ascends to 

4 

1.000 kilograms per C.c.—mtire than 15 
tons per cul)ic inch. Even after a white 
dwarf has cxioled l)elo\v the temperature 
needed for ionization, the atoms remain 
dissociate<l under the crushing pressure 
of gravity. The particles are not yet so 
tightly packed, liowcver. that their vol- 




•DEGKNERATF/* CAS {bottom) it conlraMed with ''perfeer* mode up of atoms 

ifop' and ionized p.iriicics irenlerl. Space available in gas of normal pressure permits 
random niolion (broken armies) to atoms. In an ionized gas, even at the density of o solid, 
the cbiiteralion of the structures i shadoittd ores) of alt hut o few atoms opens up space 
to permit rondom motion of electrons {black) and nuclear |karticles ico/or). At the ex¬ 
treme density of a degenerate gas the energy states of most electrons are prescribed at low 
momenta (sohd armies i. Only the nuclear particles niid a few electrons move at random. 
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RADIUS (SOLAR UNITS) 

- A 


.005 .01 .02 



RADIUS AND TEMPERATURE of while dwirfs »how no rorrelaiion. Slur» of vuriouv r;i4il 
occur al all lemperatures as indiraled by ihe posilions of ihe Idlers standing for various 
lypes. This is evidence that dwarf stars cool down wilhoul further gravilational conlruciion. 


times overlap; there is still empty space 
between (hem. But because each particle 
has only a small volume of space in 
which to move, its momentum as well as 
its position is prescribed. The exclusion 
principle of physics, which rules that no 
two particles can occupy the same ener¬ 
gy state, rigidly specifies the coordinates 
and motion for all low-momentum states 
Since the electrons are the lighter parti¬ 
cles, they have the lowest momenta and 
are frozen in space and velocity. Colli¬ 
sions cannot result in arbitrary changes 
of momentum, but can only kick the 
electrons into unoccupied states. A few 
electrons which attain velocities ap¬ 
proaching that of light, above the so- 
called Fermi threshold, are still free to 
move, as are the nuclear particles [see 
illustration on preceding page]. The gas 
has entered the ""degenerate"* state. 

Vr^e owe to Subrahmanyan Chandra- 
^ sekhar of the Yerkes Observatory a 
beautifully complete theory of a self- 
gravitating degenerate sphere of gas. 
Strangely, according to the theory, the 
greater the mass of a white dwarf, the 
smaller its radius. This follows, however, 
from the degenerate-gas law, which pre¬ 
dicts a gas pressure, for a given density, 
suflBcient to counteract gravitaKonal 
pressure only when (he star is greatly 
collapsed. The inverse relationship of 
mass to radius is not affected, as it is in 
other stars, by temperature, luminosity 
or energy production. The mass and 
hence the radius of a white dwarf is 
fixed, in the theory, by the elemental 
composition of the star. For stars of each 
composition there is an upper limit of 
mass. Calculation from the theory shows, 
for example, that a white dwarf com¬ 
posed of hydrogen would have a maxi¬ 
mum possible mass 5.5 times that of the 
sun. On the other hand, a white dwarf 
made up of heavier elements should have 
no more than one fourth this mass, or 1.4 
solar masses. A more massive star must 
lose mass or suffer a catastrophe before 
it becomes a white dwarf. We have few 
reliable determinations of white-dwarf 
masses, but all such determinations lie 
well below the theoretical maximum of 
1.4 solar masses. Hits is important con¬ 
firmation for the deduction that these 
stars have exhausted their hydrogen, the 
principal thermonuclear fuel. 

The theoretical picture of the white- 
dwarf star, extended by other investiga¬ 
tors, makes it clear that it will always be 
difficult to test theory by observation. 
The dense degenerate mass of the star is 
surrounded by a shaq)ly differentiated 
envelope about 65 miles deep; the mate¬ 
rial here is nondegenerate because of (he 


lower pressure. Superposed on (he en¬ 
velope is the atmosphere of the star, 
which is only a few hundred feet deep. 
This is the only part of (he star we can 
study spectrographically. What we ob¬ 
serve in the spectra of normal stellar 
atmospheres, which are thousands of 
miles deep, tells us much about their 
surface temperature and composition, 
and also a good deal about their interior. 
The shrunken atmosphere of a white 
dwarf bears small relevance to the inte¬ 
rior and can tell us little about it. 

Evry Schatzman of the Institiit d"As- 
trophysicjue in Paris has shown that 
white dwarfs cannot have the same com¬ 
position at their surface as in their inte¬ 
rior. In the absence of convection the gas 
stratifies under the intense gravitational 
field. The residual hydrogen is sipieezed 
to the surface, while the helium and 
heavier elements gravitate to the center. 
Were it not for electrical forces, the elec¬ 
trons would tend to float on top. The 
electrical fields and nuclear forces set up 
by the stratification cunt met the .star still 


further and so reduce the maximum pos¬ 
sible mass to 1.25 solar masse.s. 

^I'^he fading light that carries o(f the 
^ heat remaining in their interiors has 
given us the location of several huiu!re<l 
possible white dwarfs. The brightest of 
them has a luminosity only .01 that of 
the sun; the faintest known dwarf has 
only .0001 solar luminosity, so faint that 
such stars cannot be observed at dis¬ 
tances greater than 30 light-years. Tlieir 
low luminosity, combined with our theo* 
retical knowledge of their internal struc¬ 
ture, provides convincing evidence that 
they have ceased transforming matter 
into energy. At their high densities ther- 
momiclcar reactions would go on at 
enormously high rates, even if temper.i- 
turcs were as low as 10 to 30 million 
degrees Kelvin. The reaction rate would 
be even further increased bv the dense 
packing of the clt*ctrons, whose negative 
charges would partially nullify the mu¬ 
tual repulsion of tlie nuclei. The oiil\ 
possible explanation of their low luini- 
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MASS AM) RADII'S ol wUUe sliou a rorrtUuou exactly 

ojiiiOMile to ihul of normal “main setfuence** slar» icwric «( 

The l.itUT >Uo\s increase of radium uiili increase of ma^s. White 


dwarfs in rontraM, have smaller radii at higher mass. The imallest 
dwarfs have masses which are larger than that of the sun, but these 
masses ore compressed into volumes smaller than that of the earth. 


no.sitv is that hydrogen must now com* 
prise less than .00001 of the mass of u 
dwaif star. Reactions involving heavier 
elemcjits-such as carbon, oxygen, nilro* 
gen and ncoiwTe<piire higher lempera- 
lures than are likely to oexur. though 
helium might react with these in large 
t'oncenlralion at very high densities. 
However, another set ol theoretical con¬ 
siderations argues against the possibililv 
of am energy pioduction at all. In a nor¬ 
mal star the thermonuclear rcactioti-rale 
IS regulated bv feedback; with increase 
m temperature the star expands, and the 
reaction rate is damped. In a degenerate 
gas. on the othei hand, piessure is uti- 
affected bv temperature, Local healing 
would bring higlur temperature .md an 
increase m the reaction rale. The star, in 
c-onse<|ucncc. would explode. W'e must 
iheiefore c’ondude that tlie wliite dwarfs 
have suhstantiallv exhausted their im* 
cleai-energ\ sources. 

Because llieir himinositx is so low. it 
is difficull to obtain detailed information 
about other aspects of tlie dwarf stars 


from speclrographic analysis of their 
light. Only alioiit 8(1 such stars have been 
studied in detail. With the light-gather- 
ing jsoxvcr of the 200-inch Hale tcle.scope 
on Palomar .Mountain 1 have observed 
50 while-dwarf .spectra at a larger scale 
(ban any obtained before. 

Speclrographic analysis establislies 
with certainty that the white dwarfs are 
dwarfs indeed. Tlic derivation of radius 
from the spectra is somewhat indirect, 
but it is reliable. Both from photoelectric 
analysis of the c-olor of the light and 
studv of the behavior of the absorption 
lines we can determine temperature. 
Fiom apparent brightness and from in¬ 
dependent measurement of distanc'e, wc 

establish the true luminosity. Bv combin- 

• > 

ing tempera lure and luminosity, we de¬ 
termine radius. The result.s arc impres¬ 
sively monotonous: the well-determined 
radii all lie between 3.000 and 10.000 
miles. The constancy of dimension is in 

4 

contrast to the range of size in normal 
stars, from .1 to 10 times the radius of 
the sun (430,000 miles) for “main sc- 


tjucncc*' stars [see i/Zii^fration on this 
page], and on up to 10,000 times for red 
giants. The smallest while dwarf known 
has an estimated radius of only 2.800 
miles, much smaller than the radius of 
the earth. This is close to the theoretical 
minimum for a star that has exhausted 
its hydrogen; the radius indicates a mass 
of 1.2 solar masses and a central density 
of 150 tons per cubic inch. 

One of the most important theoretical 
predictions is fulfilled with the finding 
that there is no dependence of radius on 
surface temperature. The dwarfs we 
have observed range in temperature 
from 50,000 to 4,000 degrees K. The 
hottest is a blue-white star in the earliest 
phase of white-dwarf evolution; the 
coolest, a faint, reddish-white dwarf. As 
plotted in the illustration on the oppo¬ 
site page, stars of the same radius ap¬ 
pear down the full range of temperature. 
Since their initial masses may vary', it is 
clear that they start with a small spread 
of radii at the upper left corner of the 
chart and cool off without further gravi- 
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DOUBL&STAR SYSTEM of Sirioi if compoied of one of ihe brigbleil flart in the fky (A) 
and a w)iile*dwarf companion (I))• Their orbiti around the center of pravily of their system 
is showrn at lop* The motion of the two stars and of the center of gravity of iheir system with 
respect to the earth is indicated by the broken lines running diagonally up this diagram. 


talional contraction downward and to 
the right in straight lines. 


T T nfortunately it is impossible to match 
these measurements of radius to 
etiually reliable observational determina¬ 
tions of mass. Newton’s laws can give 
the masses from observed orbital motion 
only in the case of those stars that arc 
members of multiple systems. Three 
such dwarfs are known. For two of them, 
Sirius B and Procyon B, the masses are 
reliably established at 1 and .65 solar 
mass respectively. But their major com¬ 
panions, Sirius A and Proc)'on A, are 
so bright and so close that the spectro- 
graphic plate cannot register an uncon¬ 
taminated picture of either of these two 
dwarfs. As a result it is still impossible 
to measure their radii. 

The best-known white-dwarf member 
of a multiple system belongs to a three- 
star group: 40 Eridani. Here, fortu¬ 
nately, the distances between stars are 
wide enough so that good spectra can 
be obtained, and yet close enough for 
orbital motion to give reliable measure¬ 
ments of mass. From analysis of the 
spectrum. 1 have derived a radius of 
6,500 miles. .016 of the solar radius; 


gravitational mcasurcnients establish the 

muss at .45 solar mass. Calculation from 

the theoretical mass-radius relationship 

yields a mass of .39 solar mass. s«Uis- 
# 

faciorily close to observation. Thus, at 
least in the case of the single star that 
permits complete test by observation, thv 
well-articulatcd theory of white dwarfs 
finds solid support. 

The spectra of the white dwarfs also 
confirm in a general way the theoretical 
prediction of their elemental composi¬ 
tion. One type either shows no hydro¬ 
gen lines at all, or has hydrogen lines 
which indicate the presence of relatively 
tiny residual (juantities of hydrogen. 
Compared to the spectra of normal stars, 
in which hydrogen lines arc universally 
strong, this anomaly would bi* enough 
to identify the dwarfs ;is a genus apart. 
The spectra of the commonest type of 
white dwarf (Type A), however, show 
only the residual hydrogen and no heavy 
elements. Here, apparently, grayitational 
forces have pulled all of the heavier ele¬ 
ments, even helium, out of the atmos¬ 
phere and sejut^ezed the hydrogen to the 
surface. In dwarfs with surface tempera¬ 
tures below 8.000 degrees, the hydrogen 
lines vanish c'ompletelv. and we see on]\' 
a few lines due to metallic elements. Ross 
640 is such a star [see illusirotion on 
page i3i]; it is hot enough to show 
hydrogen lines if any hydrogen weie 
present. In general the spectra ol whili* 
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ANOMALOUS SPECTRUM ot o while dwarf shows no absorplion 
lines, bul does show diffuse bands of absorption ai points not asso¬ 


ciated with any fomiliar elements or compounds. The spectrum has 
here been analyzed by a sensitive photoelectric device which meas- 


dwarfs reflect little of tlie regular corre- 
hitiun between line characteristics and 
temperature found in normal stars. The 
varied c'ompositions of their atmospheres 
therefore may be taken as evidence of 
their evolutionary history. From the 
spcctrtim of Ross 640 we can deduce 
that this star and other stars like it turned 
to synthesizing heavy elements from he¬ 
lium after exhausting their hydrogen. 
The redder and still fainter star called 
van Maanen 2 (VMa2) is the cxwlest so 
far subjected to detailed spectrographic 
analysis. Its peculiar spectrum [see illus> 
trdiiou on opposite prige) indicates that 
tliis star began as a metal-poor member 
of the long-lived, stable Population II 
fainily. Since its present low luminosity 
gives this star an age of four billion years 
in the white-dwarf phase alone, van 
Maanen 2 must have lived out its entire 
life a.s a brilliant star before the sun and 
the earth were formed. In a still fainter, 
cooler and more ancient star, no lines 
have yet lier n detected with certainty. 

4 spectrum without absorption lines 
• ' might seem to be of academic inter¬ 
est to astrophysicists, who employ these 
lines as the tools of their trade. But wc 
liave spent many nights obser\'ing and 
many months of analysis to establish the 
ie*al absence of lines in six whitc-dw.irf 
spectra. Sul>jecte<l to the most sensitive 
pluitoelectnc inspection vet [>ossible. the 
plates show no line, band or absorption 
ilepressioii as deep as 5 per cent. I bere 
ir<* a iM]rnl)cr of possible explanations. 
Perhaps the most satisfactory will be 
loniul upon closer inspection of lines that 
do a|>pe.ir in other wlutc-dwarf spectra. 
1’he e.xtrcnie hioadeniiig aiul attenuation 
i){ tlie livdrtigen lines m some spectra 
helps iu make* the complete disappear¬ 


ance of lines at very high pressure more 
understandable. Such broadening of 
lines is caused by random electric fields 
and by collisions between charged par¬ 
ticles. In the van Maanen 2 spectrum 
Volkcr Weidemann of the Bundesanstalt 
in Braunschweig, who has been working 
with us on a grant from the Air Force 
Office of Scientific Research, has found 
lines of iron, magnesium and cal¬ 
cium broadened in a way that indicates 
a rate of particle collision 10,000 times 
that observed in the sun. He estimates a 
pressure of 2,000 atmospheres in this pe¬ 
culiar atmosphere—dense enough for 
some molecules to form. But though 
metal lines may be thus broadened, it is 
surprising that they should disappear en¬ 
tirely, as they do in the six spectra that 
show no lines at all. 

To compound the mystery we have 
come uj>on several spectra with diffuse, 
shallow bands that cannot be related to 
;mv established laboratory spectral line; 
the photoelectric tracing of a plate made 
for one of these is shown at the top of 
these two pages. These bands may orig¬ 
inate from molecules or unstable free 
radicals under unusual C'oiiditions of 
temperature and pressure. How atoms 
behave in the strange environment of 
the white-dwarf atmosphere is not yet 
known. 

Our generation has seen at least one 
st.ir arrive at the end of the evolutionar)' 
road and become a white dwarf. The 
recurrent nova. WZ Sagittae, which ex¬ 
ploded ill 1913. exploded again in 1946, 
brightening about 1,U00 times. Its 
brightness is now about .01 tliat of the 
sun. and its spectrum rt»!>embles that of 
white dwarfs in everything but the pres- 
eiKxMif superposed emission lines. These 
lines are presumably due to the contin¬ 


ued ejection of hot material. WZ Sagit¬ 
tae demonstrates one, though not the 
only, process by which stars may lose 
their mass and make the transition to 
the final stage in their history. 

As living things live and die in count¬ 
less ways, so stars have many possible 
evolutionary histories and deaths. When 
wc have learned to read the spectra of 
white dwarfs better, we may see what 
paths they have traveled. Their faint 
light may give us evidence which will 
show what processes went on during ages 
past in their thermonuclear furnaces. 

A white dwarf takes a long time dying. 
Its light bespeaks the slow leakage of 
heat from its interior down the tempera¬ 
ture gradient set up by the conductive 
opacity of the degenerate gas. The ther¬ 
mal encrg\' is contained only in the non- 
degenerate nuclei and the few electrons 
above the Fermi threshold. Though the 
initial temperature may be high, this 
thermal ciierg)' is all that is available 
throughout the entire dying stage. But 
as the star cools and its luminosity fades, 
the temperature gradient also declines. 
The dissipation of energy therewith 
slows down, and the time scale of evolu¬ 
tion toward lower luminosity is greatly 
extended. According to Martin Schwarz- 
schild of the Princeton Observatory, a 
white dwarf composed mainly of helium 
takes three billion years to cool from its 
initial blue-white stage down to a sur¬ 
face temperature of 7,000 degrees in the 
yellow-white stage. From yellow down 
to the 4,000 degrees of the faintest 
known red-white dwarf, it takes another 
five billion years. But 4,000 degrees is 
still red-hot. From red to infrared, the 
star svill fade over fantastic spans of 
time, large compared to any present es¬ 
timate of the age of our galaxy. 
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uretihe denihy of the photographic plate from point to point. Only to ihe eye on the spectrographic plate. The absorption bands may 

the deep absorption band at 4135 angstroms wavelength is visible be doe to presence of elements or free radicals under high pressure. 


The fall in temperature brings the de« 
generate gas phase ever nearer to the 
surface. The nondegenerate electrons be* 
come scarcer and, at a very low tempera¬ 
ture, even the nuclei become degenerate. 
When all the nuclear particles and elec¬ 
trons have occupied the lowest possible 
energy states, radiation ceases and the 
star becomes a giant ''molecule.'* This 
is the end of the irreversible process of 
evolution-proof of the fourth law of 
thermodynamics. There are, however, no 
black dwarfs in our galaxy; it is as yet 
too young. 


On the one-way track described here, 
all stars eventually fade to extinction. 
How will the sky look after our sun*s 
evolution is complete, and our dead 
planets circulate about a dying star? In 
about seven billion years the sun will be a 
hot and very blue-white dwarf, too small 
to show a disk to the unaided eye on 
earth. The earth s temperature will be 
about 300 degrees below zero Fahren¬ 
heit. The sky at night will no longer be 
filled with stars, since star formation will 
have ended, and the high-luminosit)' 
stars that comprise our constellations will 


long ago have disappeared. Probably no 
star will be visible, except for an occa¬ 
sional faint, red normal main-sequence 
star that passes by chance near our dy- 
ing system; such stars are so faint that 
their nuclear energ)' suffices for thou¬ 
sands of billions of years. Although the 
formerly bright stars will have become 
white dwarfs, they will all be too faint 
to be seen, and black night will reign 
supreme. Yet close to one of the faint 
red stars life might exist on other 
planets, in forms and for ages unimagi¬ 
nable to us. 
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DWARF STAR SPECTRA of varlout types (ideatified by ioitlaU idetiliiied by (heir code nombers at right. The spectrum at boUoni 
at far left) ihow abiorpUon lines for only a few elemeoU (ideoli- iithe reference spectrum of helium and hydrogen. Absorption lines 

fjed by initials in second column at left). The individual stars ore of Type A dwarfs ore characteristically diffuse and broadened. 
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DWARF STAR IN SIRIUS Iraeei the orbit »hown here with reipect 
to the large primary star of (his double-star system. Tbe dates give 
the location of the dwarf in its orbit through the second half of this 
century. Its close approach to the primary star in recent years bat 


• • 1978 

1984 1982 


made it impossible to secure specirographic images uncontaminated 
by the light flooding from the lOO-times brighter primary sur. As 
the dwarf sur approaches the apogee of its orbit during the next 20 
years, it may be possible for astronomers to secure better spectra. 
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THIiU.EvSTAR SYSTEM in consleMation Eridanus ia composed o( 
Q briphi primnry normal star iA). a laint lolc-typc stor <C) and 
u \%\uic dwarf Uf). which app<*Qr in the relative poBitionOs but not 
lo the ecale. itidicsilod hy the Atnall Rpherei ot tbe top of this dia¬ 


gram. The relative diameten of the three ilar» are ihown ncrosa the 
bottom of diagrams Mar A (oi le/l) having a radius .9 that of our 
Run; Mar C (second /rom fo/l> having a radiui .4 that of the lun; 
and the dwarf having a radios .017 that of the $un, or 7,000 mUeOs 
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THE ATOMIC NIICLEIJS 


by Robert Hofstadter 


Its structure, when examined by a beam of high-energy electrons, 
IS characterized by a fuzzy -skin," the density of which decreases 
from the inside out. Even individual protons have this construction. 


Toi miicli mow th;ui 50 years ago 
\\ was sUW possible Un leading 
1 ^ ph\sicish and chemists to argue 

over whether atoms realK exist Today 
tlu* most batkwar<l sch(K)lbov knows that 
atoms art* real. He even knows what 
they look like. The picture of a little 


round nucleus surrounded by a cloud of 
electrons is practically the trademark of 
our time. 

It is not just a popular emblem. Physi¬ 
cists also have a mental image of the 
atom which is much like this one. In 
fact, they have gone farther. For the 


past 20 years or so they have been try¬ 
ing to draw mental pictures of the inside 
of the nucleus. 

That physicists can even dream of 
perceiving details in so minute an object 
is a tribute both to their imagination and 
to the delicacy of their experimental 
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technique. The smallness of the nucleus 
has been pointed out many times, but it 
is always worth emphasizing when one 
is trying to appreciate what nuclear 
physics is about. The diameter of the 
nucleus is a few ten-trillionths of a cend* 
meter. If the nuclei of all the atoms in 
the earth could be stripped of electrons 
and packed together, they would make 
a ball only 200 feet in radius. We usually 
think of an atom as a very small object 
indeed. Yet if an atom could be expand* 
ed so that its outer electrons enclosed 
an area the size of New York City, the 
nucleus at its center would be about as 
big as a baseball. 

That it is possible to peer within this 
speck of matter is one of the most im* 
pressive feats of modem physics. It un¬ 
derlines the genius of LiOrd Rutherford 
and other early investigators, who ac¬ 
complished the feat with the relatively 
crude methods which were available to 
them. Recently the author and his col¬ 
leagues at Stanford University, using the 
advanced technology of present-day ex¬ 
perimental physics, have developed a 
new and very powerful instrument for 
examining nuclei. With it we arc get^ng 
a look at details that have never been 
seen before, and which show that older 
pictures of the nucleus must be revised. 
We have even begun to penetrate the in¬ 
teriors of the “ultimate" particles—the 
protons and neutrons of which nuclei 
are made! 

Models of the Nucleus 

The significance of our work is best 
underst04^ against a background of 
ideas about the nucleus that have been 
developing since the early 1930s. In the 
first place, it should be said that terms 
like ‘"looking" into the nucleus or forming 
"pictures" of it arc pure metaphor. The 
nucleus is utterly and hopelessly invis¬ 
ible. In fact, the physicist does not speak 
of "pictures" but of "models.” This word 
is better because it reflects the indirect 
approach he is obliged to take. His ex¬ 
periments, as we shall see, do not yield 
a direct representation of the nucleus. 
The physicist must consider separate 
sets of experimental results and then try 
to imagine a model of the nucleus that 
would account for all of them. 

Probably the oldest model—and for 
some purposes still a very useful one—is 
the "spherical drop" or "liquid drop." 
Here the protons and neutrons (collec¬ 
tively called nucleons) which make up 
the nucleus are considered to be packed 
together like the molecules in a drop of 
water. On this model the nucleus has a 


uniform densitv everywhere in its in- 

4 4 

terior, and a sharply defined surface. 
Furthermore, all nuclei, large or small, 
have the same density. Just sis Isuge 
drops of water contain more molecules 
than small drops but have the same den¬ 
sity, so large nuclei have more nucleons, 
but these are no more nor less tightly 
packed than they are in small nuclei. 

If this view is correct, there must be a 
rather simple rule governing the relative 
sizes of various nuclei. Their volumes ob¬ 
viously must be proportional to the num¬ 
ber of nucleons they contain. And since 
the volume of a sphere depends on the 
cube of its radius, the radii of different 
nuclei must vary as the cube root of their 
numbers of nucleons. For example, if a 
large nucleus contains eight times as 
many protons and neutrons as a small 
one, it will have twice the radius. 

It is possible to go further and get a 
figure for actual as well as relative sizes. 
On the assumption of the spherical-drop 
model, various experiments indicate that 
the radius of a nucleus, measured in 
"fermis" (units of 10“^® centimeters), is 
1.45 times the cube root of its number 
of nucleons. Thus the radius of the gold 
nucleus, w hich contains 197 nucleons, 
is 1.45 X *^197 X 10-« or 8.45 fermis. 

In addition to size and mass the nu¬ 
cleus has electric charge. This charge is 
positive, and is du^ only to the protons 
which the nucleus contains. The un¬ 
charged neutrons contribute to size and 
weight but not to electric charge. Now 
on the spherical-drop model the charge 
is also thought to be uniformly distrib¬ 
uted throughout each nucleus. But the 
"charge density," that is, the amount of 
charge concentrated in a given volume, 
must vary from one nucleus to another, 
depending on the ratio of protons to total 
nucleons. The nucleus of ordinary hydro¬ 
gen, which consists of just one proton 
and no neutrons, obviously has the high¬ 
est possible charge density. In a nucleus 
where half the nucleons are protons 
(which is approximately the case for 
most light nuclei) the charge density 
will be half as great. In heavier nuclei 
the ratio of protons to total particles goes 
down to .39, so that the charge density 
is somewhat smaller. 

There is no doubt that a number of 
important nuclear properties arc reflect¬ 
ed by the liquid-drop model. But there is 
also no doubt that an actual nucleus can¬ 
not be exactly like a liquid drop. It is 
extremely unlikely that the nuclear sur¬ 
face can really be sharp, with its density 
dropping from the constant interior 
value abruptly to zero. Modem quantum 
theory predicts that the density should 



SCATTERING, or defleclion. occqr$ when* 
ever an electron passes through the force 
field of a nucleut. If it pas»e$ near the 
nucleus its deflection resulu chiefly from 
the electric allmction between iu negative 
charge and the poailive nucleus itop). If it 
enters the nucleus the situation is better 
pictured in terms of waves. Tbe electron 
wave is refracted by the nuclear material 
(botfom). much as a train of light waves is 
refracted when il passes through a raindrop. 


4 




SCATTERING PATTERN depends on tbe 
structure of the target nucleus. An extended, 
diffuse nucleus (top and ten/er) tends to 
give small deflections when the electron 
passes near its center. In fact, a particle 
passing exactly through the center is not de¬ 
flected at all. A point nucleus on the other 
hand, gives large deflections (up to 180 de¬ 
grees). when on electron passes near tbe 
center (boitom). Thus relative degrees of 
scattering at small and large angles reflects 
some of the details of nuclear structure. 
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fall off to zero smoothly, from the high 
interior value through an outer layer or 
•skill." This has been realized for.scveral 
years, but there seemed no way to find 
out how thick the skin was. 

As a matter of fact, when one moves 
away from the simplified picture of the 
spherical drop, it is possible, in the pres¬ 
ent uncertain state of nuclear theor)-, to 
imagine a variety of models. Some cal¬ 
culations show that the nucleus may be 
a "soft sphere," whose density decreases 
steadily from the center outward. Ac¬ 
cording to other theories the mass and 
charge may be concentrated in concen¬ 
tric shells. Some of these iwssibilities are 
illustrated in the drawings on these two 
pages. No one knew how seriously they 
should be taken. 

Electron Probes 

These questions were in the air in 
1951 when the author began to think 
about a new way of examining nuclei. 
The idea was to shoot very high-speed 
electrotts at them and see how the elec¬ 
trons were deflected, or, as the physicist 
says, scattered. Now scattering experi¬ 
ments are a classical technique of atomic 
physics. It was by observing the scatter¬ 
ing of alpha particles that Lord Ruther¬ 
ford first discovered the existence of the 
nucleus. Later another British physicist, 
G. P. Thomson, used electron scattering 
to study the structure of molecules and 
atoms. In 1951 E. M. Lvman and his col- 
laborators at the University of Illinois 
tried electron scattering on nuclei. With 
the moderate energies at their dispos.il. 


they were not able to make out any de¬ 
tail. but they did get an indication that 
heavy nuclei are somewhat smaller than 
had been thought. 

To understand why high energy is 
necessary to reveal nuclear detail it is 
easier if wc think of electrons as waves 
rather than as particles. Like all other 
subatomic bits of matter, electrons have 
wavelike as well as particle-like proper¬ 
ties. (The rules of (juantum physics tell 
us that the length of the waves depends 
on the energy of the particles; the higher 
the energy, the shorter the wavelength.) 
In many cases the behavior of electrons 
can be as well described from one point 
of view as from the other. For example, 
we can as well say that electron waves 
are diffracted by nuclei as that electron 
particles are scattered. 

The electrons used by Thomson in his 
work on atoms had energies of a few tens 
of thousands of electron volts, which 
means that their wavelengths were on 
the order of lO"' centimeters, which is 
100.000 fermis. These waves cannot 
"see" the nucleus at all. Since they are 
about the same size as the atom’s entire 
electron cloud, the nucleus in the cloud’s 
interior will be entirely shielded from 
them. In Lyman’s electron beam, at 15 
million electron volts, the waves were 
hundreds of times shorter and could 
penetrate the cloud. But they were still 
considerably longer than the diameter 
of the nucleus, and hence could not 
show it in any detail. 

But at Stanford in 1951 a great linear 
accelerator was being built that would 
produce an intense beam of electrons at 


energies approaching a billion electron 
volts. The corresponding wavelength 
would be measured in a few fermis. This 
is short enough to reveal nuclear struc¬ 
ture in considerable detail. Thus it ap¬ 
peared that electrons could soon be rrsed 
to examine the innermost part of the 
atom. 

This was an exciting prospect. Until 
that time the chief nuclear probes had 
been protons, neutrons and alpha parti¬ 
cles (which are made up of rivo protons 
and txvo neutrons). That is to say, the 
particles used to examine the nucleus 
were the same as those which compose 
it. This raised a difficult problem. One of 
the deepest mysteries that confronts 
physics today is the nature of the force 
that acts betsveen nucleons. In a sense 
all of nuclear research is directed 
toward clearing up this fundamental 
«luestion. Thus if we shoot protons or 
neutrons into a nucleus, we can interpret 
what happens only in terms of their in¬ 
teraction with the other nucleons. Yet 
this is the very problem we are trying 
to solve. 

Electrons, on the other hand, are not 
nucleons; they are not subject to the 
mysterious nuclear force. NVhen they 
pass near protons or neutrons, they arc 
;>ffected only by electric ahd magnetic 
forces, and these are as well known as 
any in physics. Calculations of electro¬ 
magnetic interaction can be made with 
great confidence. 

Let us consider in some detail what 
happens to electrons that are fired at 
nuclei, and what can be learned from 
their behavior. The electron may be 




1)1 H R ACTION PATTERN oLlaincd when light is passed through 
a sniall hole resembles ihe patlerns of the eleclron-scatlering ex- 
(serimenis. The curse al the right shows how the intensity of light 
varies, starling at the renter of the inner bright spot and moving 


oulHjrd ocro»6 the poltern in a »trni|hl line. Thu i» onalogou# to 
measuring ihc numbers of elcetrons scattered ol varioui angleft from 
ihc target. The dip» in the scattering curves although shallower 
than ihofte in the light pallerit. convey the wroe sort of inforinotlon. 
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THEORETTICAL CURVES ihow the •caliering pallcrns expected ^rom a point charge (lop) 
and a uniform toll cloud (hoftom). The ▼eitical eeale h a measure of the percentage of the 
incoming electroni which would be delected at the ▼arions angles on the horizonial scale. 


thought of as a negatively charged speck 
which, like the earth, is spinning on an 
axis duough its center. The motion of 
the charge gives rise to a magnetic effect. 
Hence the electron is at the same time 
a tiny charge and a tiny magnet. A 
nucleus is a positively charged ball. It 
may or may not be magnetized depend* 
ing on how the protons revolve within it. 

In some cases the motions give a net 
magnetic effect, in others they cancel 
each other out. For elements above an 
atomic weight of 10 the nuclear charge 
is so much greater than the magnetic 
strength, if any, that the latter is negli* 
gible. In this case the interaction be* 
tween electrons and the nucleus is pure- z 
ly electrostatic. Lighter elements with Q 
magnetized nuclei exert both electric O 
and magnetic forces on a bombarding ^ 
electron, and to separate their effects is ^ 
rather difficult. Marshall Rosenbluth, 
now at the Livermore Laboratory of the 
Atomic Energy Commission, has made 
the separation possible by calculating 
the pure magnetic scattering pattern. 

In any case, an electron that passes 
through the force field of a nucleus is de¬ 
flected. If it merely passes nearby, the 
situation can be pictured in terms of 
two attracting particles, as in the deflec¬ 
tion of a comet by the sun. If the elec¬ 
tron actually enters the nucleus, it is 
more convenient to think in terms of 
waves and diffraction rather than deflec¬ 
tion [see diagrams at top of page J35]. 

The scattering pattern will depend on 
the nature of the target nucleus. If it is a 
point, or a small, densely packed sphere, 
then the closer a bombarding electron 
passes to its center the larger its angle 
of deflection. An electron passing very 
close to the target could be so strongly 
attracted that it would loop around and 
return in the direction from which it 
came. That is, its scattering angle would 
be 180 degrees [see diagram at bottom 
of page 135]. 

A diffuse or smeared-out nucleus 
would give a different result. An electron 
directed at the center of such a structure 
would see as much positive charge on 
one side of its path as on the other. 
Hence it would not '1cnow which way to 
turn," and would pass straight through. 

Here we have come to the heart of the 
electron-scattering method. With a 
dense, tightly packed nucleus we expect 
a considerable amount of scattering at 
large angles, up to 180 degrees. With a 
diffuse, "soft" nucleus the large-angle or 
backward deflection will be very much 
reduced in favor of forward scattering. 

The two curves in the diagram above 
show what is expected theoretically 


when electrons are scattered from a 
point charge and from a uniform soft 
doud. It is also possible, although in 
some cases very diffictilt, to compute the 
scattering pattern for more complicated 
modeb, as we shall soon see. 

A reduction in the deflections at large 
angles is not the only effect of a soft 
nucleus. Its scattering pattern is abo 
marked by a series of ups and downs or 
diffraction "wiggles." To appreciate 
their signiflcance we may compare the 
diffraction of electrons by the nucleus 
with the diffraction of a beam of light 
when it passes through a small circular 
hole in an opaque barrier. A screen on 
which the light is allowed to fall after 


passing through the barrier shows a 
bright spot directly opposite the hole, 
sunounded by alternating dark and light 
rings, the light rings growing fainter as 
they get bigger [see diagram at the bot¬ 
tom of page J36]. If this pattern were 
translated into a graph showing bright¬ 
ness at various angles from the forward 
direction, the result would be a curve 
with diffraction wiggles resembling 
those in the electron-scattering curve, 
although more pronounced. 

From the spacing of the rings or wig¬ 
gles in the light-diffraction pattern it is 
possible by the methods of theoretical 
optics to figure out the diameter of the 
hole. Similarly, the spacing in the elec- 
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EXPERIMENTAL ARRANGEMENT for elcctron-ftraHwing 
nKa^uremenU ii i^hown dioirammaticony. The magnetic probe and 
energy-dehning slh pick oul a narrow energy bond from the in* 
roming eleriron beom. Electrons striking the target ore picked up 


and focused onto the detector (noi sfiott'n) by the magnet* which 
can be moved to different angular positions, The monitor records 
the total number of electrons thot pass through the target material. 
A 10-ton shield around the detector cuts oul background radiation. 
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Iron patterns gives information about the 
size of the diffracting nucleus. 

The analogy is not quite exact. To 
make it belter we should have to imagine 
that the hole in the light experiment con* 
tains a lens made of nonuniform glass* so 
that the refractive index is not the same 
throughout the lens. The effect of such a 
lens would be to distort the normal pat* 
tern. The analogous problem would then 
be to figure out from the inegular dif* 
fraction rings both the size of the hole 
and the exact make*up of the lens. In 
the actual case we must calculate the 
size of the nucleus and its internal dis* 
tribution of charge. As may be imagined, 
this can be extremely difficult. Without 
the aid of high-speed computers it would 
in many cases be impo^ible. However* 
it has now been done for a large number 
of nuclei* and a striking new picture has 
emerged. 

The Apparatus 

Before turning to the results* let us 
see how the diffraction experiments are 
made. The Stanford linear accelerator 
shoots electrons at a rate of 60 bursts per 
second; each burst lasts a millionth of a 
second and contains about 10 billion 
particles. The machine will accelerate 
electrons lo an energy of 700 million 
electron volts* but our analyzing appara* 
tus cannot handle particle energies over 


550 Mev. For reasons that will soon be 
apparent* the conditions of the experi* 
ment require that the particles striking 
the target nuclei have a very sharply de* 
fined energy. The electrons emerging 
from the accelerator are already at near* 
ly the same energy—the spread is only 
five to 10 Mev. This is further reduced 
by letting them pass first through a mag* 
netic field and then a narrow slit [see 
diagrams on these itco peges]. Thcmag* 
net bends electrons of different energies 
in different directions and the slit picks 
out those that are traveling in one direc* 
tion. 

The narrow beam of uniform ^energy 
electrons is then directed against the 
target material—for example* a gold foil 
about two thousandths of an inch thick. 
To determine the scattering patterns* 
one might suppose that it would only be 
necessary to move a detector around the 
foil and count the number of electrons 
deflected at various angles. It would be 
nice if this were so. It would make our 
apparatus some $200,000 cheaper and 
45 tons lighter. The weight and the 
money represent an enormous D*shaped 
magnet which sorts out the scattered 
electrons by energies. 

Why is this necessary? Why not, in 
fact, simply count the total electrons 
scattered at each angle? The reason is 
that all the particles deflected at a par¬ 
ticular angle have not undergone the 


same tj'pe of interaction with a target 
nucleus; hence they do not convey the 
same information. In some collisions the 
electron and nucleus behave like a pair 
of billiard balls bouncing off one an¬ 
other* or* rather* like a ping-pong ball 
bouncing off a cannon ball. That is to 
say* the total energy of motion (kinetic 
energy) of the particles after the colli¬ 
sion is the same as before. These are 
known os elastic collisions. A large nu¬ 
cleus* being so much heavier than the 
electron, does not recoil appreciably* so 
that in an ekistic collision the electron 
bounces off with just about the same en¬ 
ergy it had on its approach. 

In other cases* the electron gives up 
some energ)' which is not accounted for 
by recoil motion of the struck nucleus. 
That is, the energy exchanged does not 
remain kinetic. Instead the nucleus be¬ 
comes ‘'excited** from its normal or 
“ground** state to a state of higher in* 
temal energy, (We may crudely picture 
what happens by sa)ing that the in¬ 
dividual nucleons go into more energetic 
motion.) When this happens* the colli¬ 
sion is said to be inelastic. 

If wc are interested in examining the 
nucleus in its normal condition then the 
electrons scattered inehistically are no 
help. They have “seen” the nucleus in 
an excited state. Hence we wish to pick 
out the elastrcally scattered electrons— 
the electrons emerging from the collision 
with the same energy they had going in. 
This is what the magnet does. Scattered 
electrons enter the semicircle on one side 
of the center and are bent ISO degrees 
by the magnetic field so that they emerge 
at the other side. Particles of different 
energies follow different paths* so that 
it is possible to focus those of a particu* 
lar energy at the detector. The reason 
the magnet must be so big and powerful 
is that hjgh*encrgy electrons are hard 
to deflect. The first apparatus we built 
had a magnet weighing two and a half 
tons and could handle electrons only up 
to 190 Mev. Tho new device* in use 
for about a year, can force 550 Mev 
electrons around its semicircular track. 
It is also sensitive enough to select an 
energy band only .8 Mev wide at 400 
Mev, In other words, it can separate 
electrons whose energies differ by one 
part in 500. 

Our detector is a small piece of Incite 
that glows momentarily when a fast elec¬ 
tron passes through it. A photomultiplier 
tube picks up the light flashes and pro¬ 
duces a corresponding series of electric 
pulses which are fed into a counter. 

The actual number of scattered elec¬ 
trons counted at any angle is. of course. 



140 PHYSICAL SCIENCES 217 






DISTANCE riOMCENlEI 


DISTANCE (tOM CENTCI 


DISTANCE rtOM CENTEE 


DISTANCE EtOM CENTEt 


DISTANCE EfiOM CENTEI 


DISTANCE MOM CENTEI 


DISTANCE EtOM CENTEI 


DISTANCE flOM CENTEI 


MODELS OK THK NE'CLELS, ^ho>«inA various conceivaKlc 
irihulioiis of rifrtric charf;<* >«i(hin il, ore illuMroTcd here. The 
grujih^ \u)\s ihe density of charge dories from she renter of the 
sharp houndur). Ollier possible »>irnrliarpb uiih sharply bounded 
surfaces are the point nurleu^ iKi and ihe TG). The cleriron* 
hratlerine: cKprrinienl*' of the aiilhor and liiv rolJcaeiiCn indientc, 


iinefeus ouluard for eorli mode). To tlie left of earli graph U an 
imaginary rendering of \sUnt llie model would ‘*look like in rroM 
>eriion. Model A is the liquid dro|i, with iu constant density and 
1iawe\cr« tiiat the nui lrar boundary is not itharp. Their resuU)$ »ug* 
gesi a ^kin. the dcll^il> of which falls off gradually. ModcU »uch 
(le K or l] give the best agreement with the experimental findings* 



Hofstadter / THE ATOMIC NUCLEUS 141 



SCAmRING ANGLE (DEGREES] 


GOLD NUCLEI give •cattering retulu thown by points on tho graph. Solid corves are calcu* 
laled patterns for a particular model. Different curves represent different electron energies. 



DISTANCE FROM CENTER (FERMIS) 

MODEL OF GOLD NUCLEUS which gives close agreement with eaperiments is shown as a 
solid corve. Dotted lines represent alternative models that might give nearly the same results. 


of no significance unless the total num* 
berof incoming particles is known. What 
matters is the fraction of the total that is 
scattered in a given direction. Each in- 
coming electron knocks a burst of sec¬ 
ondary electrons out of the plates of a 
monitor material, and a count of these 
bursts indicates the number of particles 
in the incident beam. 

The magnet, the detector and a 10-ton 
lead and concrete shield which sur¬ 
rounds it are all mounted on an obsolete 
five-inch naval gun base provided by the 
U. S. Navy. On this movable platform 
the apparatus can be swung to various 
angles around the target. A remote-con¬ 
trol arrangement can position the gun 
base to an accuracy better than a tenth 
of a degree. 

Our apparatus operates in many ways 
like an optical system, and has even been 
called a nuclear microscope. Just as a 
lens collects light scattered by an object, 
the magnet collects electrons bouncing 
off a target. The lens focuses the col¬ 
lected light to a spot; so does the magnet 
in the electron analogy. However, the 
magnet does more, since it sorts electrons 
into separate energy ranges. The optical 
analogy would be a spectroscope or spec¬ 
trometer, sorting colors or wavelengths 
of light. The magnet performs the op¬ 
erations of collecting, bending and re¬ 
focusing the electrons just as a spectro¬ 
scope collects light waves, separates 
their various colors with a prism or dif¬ 
fraction grating, and refocuses them. 

New Nuclear Models 

Let us now look at some of the results 
(hat have been obtained with this appa¬ 
ratus. The experimental procedure is, as 
has been pointed out, quite simple in 
principle. We simply set the accelerator 
for a given energy, and count the per¬ 
centage of elastically scattered electrons 
at various angles around the target. The 
dots in the chart at the top of (he next 
page show the result of a number of such 
runs on gold nuclei at energies ranging 
from 84 to 183 Mcv. 

While the experimental group was 
making these measurements, a team of 
theoretical physicists including D, R, 
Yennie, G. D. Ravenhall and R. N. Wil¬ 
son was busy calculating the expected 
diffraction pattern for various nuclear 
models such as those illustrated on page 
140. One specific model of the gold 
nucleus has a dense core extending 
about four fermis from the center, and 
then a rapidly thinning “skin" which 
drops away to nothing at around nine 
fermis [see chart at bottom of this 
page]. The theoretical diffraction pat¬ 
tern at various energies from 84 to 183 
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Mev for this model are also shown on 
the chart at the top of page 14 J as 
solid curves. The agreement between the 
experimental and theoretical ctirves is 
nothing short of astonishing. Evidently 
the distribution of charge in the gold 
nucleus must be very much like the one 
in this model. Since protons and neu¬ 
trons are presumably distributed in the 
same way, this distribution should also 
apply to the total miiss of the nucleus. 

If we define the skin thickness of the 
gold nucleus as the distance between 
the point where the charge density is 90 
per cent of the maximum and the point 2 
where it has fallen to 10 per cent, we p 

find that the thickness is close to 2.4 ^ 

fermis. Taking as a measure of nuclear ^ 
size the distance from the center to the q 
point where the density is 30 per cent g 
of the maximum, this turns out to be ap¬ 
proximately 6.3 feimis. 

Now, when we turn to investigate 
other nuclei, a surprising regularity ap¬ 
pears. Together with Ravenhall and Beat 
Hahn, the author has made a systematic 
investigation of selected nuclei from 
mass number 40 to 238. Throughout this 
entire range the skin thickness is 2.4 
fermis! The size of the dense inner core 
varies, but the fuzz)' outer layer is the 
same thickness for all these nuclei. 

As a measure of nuclear size it is more 
convenient for many purposes to use an¬ 
other average value for the radius rather 
t)ian the distance from the center to the 
50 per cent density point. This average 
is known as the *Yoot mean square.** 
When it is used, the value for the radius 
of a heavy nucleus obeys a simple law: 
its vahic in fermis e<]uals 1.18 times the 
cube root of the mass number. This rule 
is reminiscent of the cube-root law for 
\hv li<|ui<l-drop model, but it implies a 
smaller nucleus than that suggested by 
the older view. 

In nuclei below mass number 40 we 
find that the inner core practically disap¬ 
pears, and that the density decreases 
from the center out. These lighter nuclei 
obey a slightly different size rule: the 
root mean square radius is 1.35 times 
the cube root of the mass number. 

At just about the time when we first 
obtained these results \'al Fitch and L. 
James Rainwater at Columbia University 
were measuring nuclear sizes (but not 
skin thickness) by an entirely different 
method. They found the same law as wc 
did for nuclei above mass number 40. 

For the lighter nuclei, however, their 
results were 1.18, as against our 1.35. 

'rhe Proton 

Having proved that our electron beam 
could indeed sec into nuclei, wc began 


to wonder about still smaller particles. 
What about the proton itself? Is it a di¬ 
mensionless iK)int? Or does it too have a 
finite size and an internal structure? 

To find out, wc placed a target of 
gaseous hydrogen in the electron beam 
and again proceeded to meas\irc clastic 
scattering. As the chart on this page 
shows, the results were quite clear. The 
amount of backward scattering is much 
less than would be obtained from a point 
proton. Again, one particular theoretical 
curve fils the actual results very closely. 
The charge distribution which gives this 
curve is hell-shaped or '‘Gaussian*’ [see 
dkifffam at top of next pap,c]. It can also 
bo proved that the proton’s magnetic 
field is similarly distributed. 

Thus the proton must be considered 
an extended body, and our electrons 
have for the first time acrually seen in¬ 


side it. The charge falls to zero only at a 
distance of 1.4 fermis from the center. 
The root mean square radius is approxi¬ 
mately .75 fermis. 

The proton experiments are quite re¬ 
cent, and we cannot say that the charge 
distribution shown is absolutely the only 
one that would give a close agreement 
with the experimental results thus far. 
But wc feel that further experiments will 
specify a true model not basically differ¬ 
ent. It is likely that the central fcahires 
will change more than the outlying ones. 

The extended charge distribution of 
the proton may explain the apparent dis¬ 
crepancy behveen radii as measured by 
electron-scattering experiments and by 
the older measurements based on the in¬ 
teraction of neutrons and protons with 
nuclei. If a gold nucleus and a proton 
are placed with their centers separated 
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by 8.45 fermis (the old value for (he 
gold radius) (here will be a considerable 
overlap of charges. The outer portions 
of the skins are already in contact. Thus 
(he proton finds itself, at (his distance, 
in a situation not radically different from 
(hat of an outer proton in (he gold nu- 
cleus. There is no apparent reason why 
it should not interact strongly with the 
other nucleons of gold. Hence we may 
expect that a radius measured by nuclear 
methods that involve the strong nucleon 
in(eraction will appear (o give a larger 
value than (he electromagnetic radius 
measured with electrons. 

According to presen( (heory, the 
model of the proton obtained from the 
scattering experiments may not really 
represent a single, smeared-out particle. 
Instead, the proton may actually consist 
of a pointlike *l5are nucleon” intermit¬ 
tently surrounded by a cloud of mesons 
[drawing at lower left]. It is probably 
the meson cloud that we are probing. 

The theory says that the proton erupts 
from time to time, emitting a meson 
which whirls about for an unimaginably 
short period and then is sucked back into 
the proton again. The process of emis¬ 
sion and reabsorption is considered to be 
an ever-present, essential activity of the 
proton (and the neutron as well). One 
problem has been to decide what frac¬ 
tion of the total time the meson spends 
outside the proton. Our measurements 
can be interpreted as indicating that the 
fraction is a few tenths or more. This is a 
higher value than had been previously 
estimated. 

It is thought that the mysterious nu¬ 
clear force arises from an exchange of 
mesons between nucleons. If electrons 
can be used to “see” the mesons, (hey 
may help clear up the my.stery. 

As this is written our group is busy 
with new scattering experiments. We are 
refining our observations on the proton. 
Preliminary investigations of the alpha 
particle show that it has a charge dis¬ 
tribution like the proton's and is unex- 
j>ectedly compact. It is only 3 little larger 
than its tNvo protons together, despite the 
fact that it also contains two neutrons. 
Experiments with the deutcron (the 
lieav\’ hydrogen nucleus, containing one 
proton and one neutron) show (hat it is 
bigger than the alpha particle. The deu- 
teron observations may also give some 
information about the distribution of the 
neutron s magnetic field. It may soon be 
possible to tell whether the neutron and 
the proton are, as current theor)' says, 
alike except for their charge. 

This IS only a partial list of the excit¬ 
ing problems that are waiting to be in¬ 
vestigated with high-energ)' electrons. 
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crgy that occurs when hydrogen nuclei 
combine. To provide an amount of en- 
crg)' adequate to account for a sufficient* 
ly large-scale reconversion of the heavier 
elements* nothing less than an implosion 
of the whole universe (as opposed to an 
explosion) apparently would suffice. 

We are thus led to the conclusion that 
the hvdrogen we observe is net infinitely 
old; it has originated within some finite 
time and has not yet been converted to 
heavier elements. Both the evolutionary 
and the steady-state theories of the uni¬ 
verse agree on this point But there the 
similarity between them ends. The evo- 
lutionar) thcon argues that alt the hy¬ 
drogen was created in an explosive be¬ 
ginning some five and a half billion years 
ago. The steady-state hypothesis holds 
that hydrogen has been created at a 


steady rate throughout infinite time and 
is still being created at the same rate 
today. 

If hydrogen has been present for an 
infinit)' of time, and has steadily been 
converted to heavier elements in stars, 
wh)' don't we see galaxies made of very 
old matter? Why do we see only com¬ 
paratively young galaxies, composed al¬ 
most entirely of hydrogen? The answer 
of the steady-state theory is that the ex¬ 
pansion of the univene spreads galaxies 
apart as they age, and the old material is 
rapidly diluted, in terms of its mean 
density in the universe as a whole. 
Meanwhile new hydrogen, and new 
galaxies, are just as rapidly being cre¬ 
ated. According to the mathematics of 
the theory, the expansion of the universe 
and the creation of new material go on 


at rates such that the mean densHy of 
200-billion-year-old material, for exam¬ 
ple, is less than that of recently formed 
material by a factor of 10** {1 followed 
by 43 zeros). It must be emphasized that 
this figure is a mean averaged over the 
universe as a whole: it does not apply to 
individual galaxies or clusten of galax¬ 
ies. Expansion takes place in space be¬ 
tween galactic systems: the individual 
galaxies and clusters do not themselves 
expand. The very old material of the 
universe is concentrated in very old 
galaxies. By virtue of the universal ex¬ 
pansion these are now extremely far 
apart, Possibly there are some moder¬ 
ately old galaxies within the range of 
our telescopes. If a method could be 
worked out to identify distant galaxies 
composed of comparatively old matter, 
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it would provide a test of the steady- 
state theory. 

A pproaching the steady-state theory 
from the mathematical point of 
view, our first step evidently must be to 
construct a mathematical law represent¬ 
ing the origin of matter. We %vish to 
formulate this law within the logical 
framework of the theory of relativity: 
like the evolutionary theory, steady-state 
cosmology makes use of the powerful 
e<{uations devised by Albert Einstein to 
describe the four-dimensional space- 
time continuum. We can indicate briefly 
here some of the main principles in¬ 
volved. though the equations themselves 
are too complex to examine in detail. 

The theory of relativity begins by gen¬ 
eralizing the ordinary laws of motion in 
three-dimensional space to describe the 
properties and the non-EucIidean ge¬ 
ometry of the four-dimensional space- 
time field. TTiese laws can be set down 
in four equations: one equation for the 
law of conservation of energy and three 
for the conservation of momentum. Our 
problem is to frame the law of origin of 
matter in such a way that it can be in¬ 
troduced into these four conservation 
equations. 

As a first step we must define energy 
and momentum, for the theory of rela¬ 
tivity docs not itself define them. It is 
most reasonable to choose definitions 
which will yield equations as closely 
analogous as possible to the ordinary 
equations describing the laws of conser¬ 
vation in our familiar (Euclidean) 
world. The evolutionary cosmologists 
seem at first sight to have done this, but 
it turns out that their conservation equa¬ 
tions do not contain any generalized 
analogue of certain terms, known as 
“fluid stresses,'* which play a part in the 
ordinary equations. Now when we de¬ 
fine energy and momentum in a way 
that yields such a generalization, the 
outcome of the ccjuations is a steady- 
state universe, not an evolutionary one. 

The equations, so generalized, imply 
a “feedback" relation betsveen the ex¬ 
pansion of the universe and the origin 
of matter. If the expansion rises above a 
certain critical rate (related to the rate 
of origin of matter), the feedback slows 
the expansion. If the universe's expan¬ 
sion slows down to less than the critical 
rate, the feedback speeds it up. Thus the 
interaction between the expansion and 
the creation of matter maintains a steady 
state in which the mean density of mat¬ 
ter in the universe remains constant. 

To many people the notion of con¬ 
tinuous creation of new matter in space 


seems an outright violation of the con¬ 
servation of energy. But this indicates a 
confusion between a closed system and 
the very different situation in an open 
system. The theory of relativity says that 
in an open, infinitely expanding uni¬ 
verse, local concentrations of energy are 
related to the energy of expansion of the 
whole universe. The eneigy of expansion 
can take a form leading to a continuous 
creation of local matter. 

The same question that is asked about 
the creation of matter might be asked 
about the red-shift of light from distant 
galaxies. The reddened light is weaker 
than when it started on its journey. 
Where does the lost radiant energy go 
to? It goes into a slight increase in the 
rate of expansion of the whole universe. 
The point is that for a total reckoning 
of the conservation of energy and matter 
in the cosmos we must take the expan¬ 
sion of the universe into account. We 
cannot balance the energy books strictly 
and cx)mplctcly within the confines of 
any locality, because no locality in the 
universe is entirely closed. 

Before we drop this issue it is perhaps 
worth noting that we can consider the 
conservation question in purely opera¬ 
tional rather than theoretical terms and 
come out with the same result. Suppose 
observers on the earth measured the en¬ 
ergy content of a given portion of the 
universe, say that within the reach of 
the 200-inch telesc'ope, and suppose this 

was done on several occasions at widely 

• 

separated times. If the conservation of 
energy is to hold, the measured energy 
content must remain unchanged from 
one occasion to another. This would Ik 
true in a steady-state universe, but not 
in an evolving one. Furthermore, in a 
steady-state universe conservation in 
this operational sense holds good for an 
observer in any galaxy. 

''phe two features of the steady-state 
^ theory that seem to cause the great¬ 
est general surprise arc (1) that the 
theory possesses a clear-cut mathema¬ 
tical basis, and (2) that the theory is 
highly susceptible to test by observation. 
How can it be tested? Obviously we can- 
not test it in the laboratory—unless we 
were to find some way to speed up the 
creation of matter artificially-for the 
rate of creation, according to the theory, 
is negligible in terrestrial terms: in the 
space of the average physics laboratory 
one new hydrogen atom would mate¬ 
rialize in about 1,000 years. But on the 
cosmological scale there arc many possi¬ 
ble tests. 

Firstly, at the farthest range of our 


telescopes we are seeing galactic sys¬ 
tems as they were a billion or more years 
ago. Hence information can be obtained 
about how things used to be in the past, 
and this information can be compared 
with the cosmic scene close by us in 
space and time. Since the steady-state 
theory requires that there be no differ¬ 
ence in large-scale properties between 
the past and the present, the theory is 
clearly exposed to check by this compari¬ 
son. Large-scale properties can be esti¬ 
mated from many different clues: the 
density of the populations of galaxies, 
the magnitude and color of their light, 
the radio embsions signaling collisions 
and other significant events, the relation 
between the red-shift and dbtance of 
galaxies, and so forth. 

Secondly, there are tests which can 
be made without looking so far away 
from home. We can think of the forma¬ 
tion of new galaxies as equivalent to 
birth in the biological sense, and of their 
separation by expansion as equivalent to 
death. In terms of this analogy a new 
generation of galaxies is bom, not every 
30 years as in the case of human beings, 
but every few billion years. Now just as 
an animal population becomes extinct if 
it fails to reproduce its numbers from 
generation to generation, so large-scale 
properties of the systems of galaxies fail 
to survive unless they reproduce them¬ 
selves in the same sense. If the universe 
is infinitely old, as the steady-state theo¬ 
ry says, wc should expect to see sur\’iv- 
ing only properties which have stabilized 
themselves so that they are reproduced 
at precisely the same level from genera¬ 
tion to generation. In other words, ac¬ 
cording to the steady-state thcor%’ the 
galaxies are not a product of random 
fluctuations and condensations, as in the 
evolutionary theory, but represent a verj' 
strictly controlled system obeying a kind 
of cosmic ecology, with the origin of 
matter playing a critical role. This cru¬ 
cial difference between the two theories 
can form the basis of stringent tests. The 
tests can be applied to such properties as 
the density of galaxies in space* and the 
distribution of sizes in masses of galax¬ 
ies. That is, wc can check whether the 
distribution follows a regular frc(juency 
curve or shows no regular pattern. 


I juring the past hve years it has hvice 
been claimed that obser%'ations dis¬ 
proved the steady-state theory, but it 
now appears that in botli cases the ob- 
serN'ations are open to serious doubt. The 
U. S. astronomers Joel Stebbins and 
A. E. Whitford thought that <x*rtain dis- 
taiTK^^axles showed more reddening 
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than could be attributed to the usual 
red-shift, and this was construed to sup¬ 
port the evolutional)' theor)'. But Whit- 
ford later found that certain data they 
had made use of were incorrect. Recent¬ 
ly Martin Ryle in England reported a 
count of radio sources which indicated 
that the densiri' of galaxies in space in¬ 
creases with distance from us—again an 
apparent support for the evolutional}' 
h)'pothesis. However, Ryles findings 
have been questioned by the radio as¬ 
tronomer B. Y. Mills in Australia. 

In mv view the most serious potential 
contradiction of the steady-state theory 
lies in the recent red-shift studies by the 
istronomers in California. The findings 
so far, however, are highly uncertain. 

George Gamow has offered against 
the steady-state theor}' the objection that 
elliptical galaxies (which are thought to 


consist only of old stars) apparently do 
not show the age variations that the 
theory predicts. In defense of the theory 
it can be said that the measurements 
cited (studies of the color of the galaxies, 
in hvo colors) are not a very sensitive 
index of the galaxies* ages. In the color 
test a galaxy six billion years old should 
look much like one three billion years 
old. More sensitive measurements are 
required. 

The steady-state theory gains support, 
on the other hand, from recent studies 
indicating that the elements beyond hy¬ 
drogen are formed in stars. These stud¬ 
ies make it appear more likely that the 
elements are constantly being ^'cooked*' 
in the stars, as the steady-state cos- 
mology suggests, than that they were cre¬ 
ated in a primeval explosion, as Camow 
has urged. 


Radio astronomy offers the exciting 
possibility of something close to a 
direct test of the creation of matter 
in space. The total amount of matter in 
the galaxies we can observe is estimated 
to come to about of a gram per 
cubic centimeter if it were spread evenly 
all through space. The steady-state 
theor}' predicts that the average densit}* 
of matter should be 10 or more times 
greater than this. The difference, ac¬ 
cording to the theory, is accounted for 
by hydrogen spread through intergalac- 
tic space. Up to now it has not been pos¬ 
sible to detect intergalactic matter. But 
in the next few years new radio tele¬ 
scopes, tuned to the one-note "song of 
hydrogen/' may be able to test whether 
such quantities of hydrogen do or do 
not exist in space. 
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THE NUCLEAR REACTOR 
AS A RESEARCH INSTRUMENT 


by Donald J- Hughes 


The enormous quantities of neutrons released by atomic chain reactions 
provide physicists with a potent means of studying matter. A survey of 
some of the ingenious techniques and results of pile neutron research. 


N uclear reactors manufacture, 
among other things, plutonium, 
heat and neutrons. Public atten* 
tion has centered on the first product, as 
an ingredient of atom bombs» and the 
second, as a potential power source. Sci¬ 
entists are almost exclusively concerned 
with the third. As fundamental constitu¬ 
ents of matter, neutrons are interesting 
in themselves, and they are one of the 
most powerful tools in the kit of the ex¬ 
perimental physicist (see 'The Neu¬ 
tron/' by Philip and Emily Morrison; 


Scientific Amewcan Offprint 232]. 
In pre-reactor days we had to make neu¬ 
trons bv hand, so to speak, and in small 
quantities. With reactors we are mass- 
producing them in numbers beyond our 
wildest dreams of a few years ago. The 
torrent of neutrons now available pro¬ 
vides us with an ideal means of investi¬ 
gating one of the central problems of 
physics—the nature of matter. 

\Vhy are neutrons so effective as 
probes of matter? First, they have no 
electric charge. Unaffected by the clouds 


of negative charge with which electrons 
surround atomic nuclei, neutrons pass 
easily through swarms of atoms. When 
they finally chance to strike a nucleus, 
neutrons penetrate it easily, being e(|ual- 
ly unaffected by its positive charge. Es¬ 
pecially important is the fact that even 
very slow neutrons are highly penetrat¬ 
ing. All other experimental projectiles, 
such as protons or alpha particles, must 
move so fast to get into the nucleus of 
the atom that they cannot be used to 
investigate the intricate details of its 



REACTOR at Brookhaven National Laboratory is used 
solely for experimental purposes. The shield of the re¬ 
actor is at the left; it is pierced with holes that emit 


neutrons. Here most of the holes arc plugged, hut one 
is open for a neutron-reflection experiment. The neu¬ 
tron *‘mirror’' as at the left end of the long apparatus. 
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structure. Such details can only be ob¬ 
served with slow neutrons of accurately 
controlled velocity. 

Second, the neutron is magnetized. 
Thus it reacts with the magnetic fields 
of atoms, yielding valuable information 
about magnetic properties. Finally, the 
neutron is a wave; or rather, like all bits 
of matter, it is both particle and wave. 
Some of the most informative experi* 
ments we can perform are based on the 
wavelike interaction of neutrons with 
matter. Only the intense beams that re¬ 
actors provide make it possible to take 
practical advantage of the wave nature 
of neutrons. 

very quality that makes neutrons 
^ so valuable as an experimental probe 
makes them hard to utilize. Charged 
particles arc docile beasts. We can speed 
them up or slow them down with electric 
fields, steer and aim them with magnets. 
The uncharged neutrons, however, are 
unaffected by these forces and are diffi¬ 
cult to maneuver. Even to know where 
they are is something of a problem since 
they do not announce themselves di¬ 
rectly by leaving ion trails in cloud 
chambers or photographic emulsions as 
charged particles do. Before neutrons 
could be put to use a great deal of ex¬ 
perimental ingenuity went into learning 
how to manipulate them. 

Experimenting with neutrons means, 
in essence, exposing a piece of material 
to them and ooserving how they are af¬ 
fected. Some may be absorbed, others 
deflected from their original path. The 
^cross section** of various atomic nuclei 
for absorbing or scattering neutrons 
(Le., the probability that the atom will 
absorb or scatter a neutron that hits it) 
tells us a good deal about the atoms and 
about the neutrons themselves. 

A direct and comparatively simple 
way to use reactor neutrons for cross-sec¬ 
tion measurements is to put the material 
being studied inside the reactor. Despite 
their great size, reactors are extremely 
sensitive to changes in the number of 
neutrons available to maintain their 
chain reaction. An accurate measure of 
the availability of neutrons in the reactor 
can be obtained by noting how far the re¬ 
actor s control r<^ must be pulled out 
in order to get the chain reaction started. 
When even a tiny sample of foreign, 
neutron-absorbing material is inserted in 
the reactor, the control rod will have to 
be pulled out measurably farther than 
normally. The extra distance measures 
the neutron absorption of the sample 
and hence its cross section. Another way 
to get this result is with the *^pUe oscil¬ 
lator.** Here the sample is moved in and 
out of the reactor at a steady rate so that 
its power level rises and falls. 

I N THESE experiments the reactor is 
itself a measuring instrument. For 
most work, however, it serves merely as 



SPIRAL MONOCHROMATOR produces a beam of slow neutrons with uni¬ 
form speed. Its slotted cadmium disks arc turned on the same shaft. Only 
neutrons of a narrow range of speed will pass through all four of the slots. 
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FAST CHOPPER is shown in cross-sectional top view. It is a (lt.sk traversed 
by 16 pairs of charmeU through which neutrons can pass. When the disk is 
whirled in a vacuum at high speed, the neutrons emerge at right in bursts. 



ROTOR of the chopper is made of forged aluiiiiniiin witit plastic inj^erts 
which form the channels through which the neutrons pass. When the rotor 
is spun at full speed, it is able to chop 1,000 bursts of neutrons per second. 
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IIICll RESOLUTION of the Hrookhuven fu»t chopper in the incasurciiicnt 
of niiclcur “cross sections” is illustrated hy lliese curves. The cross section 
of tlie nucleus, measured in “hams,” i» the prohahility that it will ahsorh 
u h<ii)iliardiii“ purticic. Each curve represents tlic cross section of the silver 
nucleus when homharded with neutrons of various energies, measured in 
electron volts, liccaiisc the Brookhaven chopper produces neutrons of pre- 
ci-.c|\ known energy, it is uhle to reveal cross sections in unusually fine detail. 


a neutron source. Neutrons ure brought 
out of the pile through holes running 
from the interior out through the shield. 
The beam that pours out of the experi¬ 
mental holes contains enormous num¬ 
bers of particles in a wide range of ener¬ 
gies. The fastest, coming directly from 
fissioning uranium atoms, have energies 
as high as 10 million electron volts. The 
slowest, those that have lost almost all 
of their energy in passing through the 
graphite {or, in the case of some reac¬ 
tors, heavy water) moderator, have an 
energy of only .0001 electron volt. Thus 
the fastest neutrons are some 100 billion 
times more energetic than the slowest. 
Each particle, it must be remembered, 
is also a wave. The formula for particle 
wavelength telk us that it varies inverse¬ 
ly with speed. The fastest neutrons in 
the beam have wavelengths of a few 
hundred-thousandths of an angstrom 
unit, even shorter than the diameter of 
an atomic nucleus (an angstrom unit is 
a hundred-millionth of a centimeter). 
The slowest neutrons, on the other hand, 
have a wavelength of 30 angstrom units, 
far longer than the distances between 
atoms in crystals. 

In different sections of this broad 
energy spectrum the neutrons have 
whollv different properties, both as to 
the way they must be manipulated and 
as to their effects on matter. High-energy 
neutrons behave like solid pellets; slow 
neutrons lose their particle character 
.almost entirely and act like almost pure 
waves. The principal task of the reactor 
experimenter is to sort neutrons of vari- 
Otis speeds and to observe how particles 
of each speed interact with matter. 

^PHE NEUTRON beam divides into 
three main speed ranges. The so- 
called fiist neutrons arc those with ener¬ 
gies extending from 10 million dotvn to 
about 10,000 electron volts. Below these 
in the hierarchy of energies are “reson¬ 
ance” neutrons, from 10,000 electron 
volts to .01 electron volt. Finally there 
are the thermal neutrons, with energies 
from .01 to .0001 electron volt. 

In many experiments we do not try 
physically to separate the various par¬ 
ticles from one another. Instead we use 
detecting devices that respond only to 
the type of neutron we are studying. 
Thus fast neutrons make themselves 
known by knocking protons out of a 
detecting substance such as paraffin. In 
cloud chambers the protons produce ion 
trails from which we can deduce the 
energy of the particles, and hence the 
energy of the neutrons that produced 
them. Counting the proton tracks of a 
particular energy tells us how many neu¬ 
trons of corresponding energy are in the 
beam. Suppose we want to measure the 
cross section of gold for million-voU neu¬ 
trons. First we expose the detector to 
the reactor beam and count only the 
million-volt neutrons. Then we put a 
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thin gold foil into the beam and note 
the decrease in these particles, which 
represents the number of million-volt 
neutrons removed by the gold. Most 
basic research in the fast range deals 
with nuclear cross sections, either for 
absorption or scattering. 

R esonance neutrons are a kind of 
mixed breed. The faster ones must 
be handled like particles, but their ef¬ 
fects depend on their wave nature. Hav¬ 
ing wavelengths of about the same size 
as nuclear diameters, they interact with 
nuclei in a wavelike manner. At certain 
wavelengths they resonate with a nu¬ 
cleus, which means they are strongly 
absorbed; at slightly different wave¬ 
lengths they are out of tune” and their 
absorption greatly decreases. The neu¬ 
tron absorption curve of a particular nu¬ 
cleus thus shows sharply separated peaks 
at isolated wavelenguis. 

Nuclear physicists are very interested 
in these curves because they promise to 
throw light on one of the murkiest prob¬ 
lems now facing us—the internal struc¬ 
ture of the nucleus fsee ‘T'he Structure 
of the Nucleus/^ by Maria G. Mayer; 
Scientific American Offprint 228]. 
Is it formless, like a liquid drop, or does 
it have a "shell” structure? The shell 
theory states that neutrons and protons 
occupy fixed orbits or shells in the nu¬ 
cleus, much as the electrons do outside 
it A nucleus whose outermost shell is 
completely filled should be very stable. 
The numbers of neutrons and protons 
required to fill successive sh^ls are 
known as the "magic numbers.” 

Neutron absorption experiments give 
some strong evidence for the shell 
model. One of the magic numbers is 
50, and tin contains 50 protons. When 
we eompare the absorption spectrum of 
tin with that of silver, we can see that tin 
is indeed urueactive. Whereas the silver 
nucleus finds many neutron energies that 
excite it, tin is apparently satisfied with 
its make-up and rejects all neutrons in¬ 
differently. 

"DUT we arc still far from having a 
^ satisfactory theory of the nucleus. 
We need much more information on the 
activity and energy levels of various nu¬ 
clei, and neutron aosorption experiments 
are one of the best ways to get it. It is 
essential to find out just which energies 
arc absorbed by each nucleus, and which 
rejected. This means that we must be 
able to distinguish sharply between neu¬ 
trons of different speeds. The sharper 
our separation, the greater the resolving 
power of our nuclear spectroscope, and 
the less the chance that what appears to 
be a single absorption peak Is really two 
or more separate ones. 

The device with which we are now 
getting the sharpest separations is the 
"fast chopper,” recently developed b) 
F. C. Seidl at the Brookhaven National 



NEUTRON DIFFRACTION experiments at Oak Ridge National Laboratory 
employ the arrangement depicted in this top view. The neutrons emerge 
from the reactor at the top. They arc reflected from a crystal set at a shal¬ 
low angle as a means of selecting those of a certain energy range. The 
neutrons are then allowed to pass through a second crystal mounted on a 
turntable. This crystal diffracts the neutrons in certain preferential direc¬ 
tions; when it is turned, the counter at the bottom will detect the number 
of neutrons diffracted in each direction. In this way the experimenter can 
measure the interaction between the neutrons and the atoms in the crystal. 
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Laboratory. It is a solid disk traversed 
by a few narrow slits through which neu* 
trons can pass. \Vhen the isk is whirled 
very rapidly it acts as a shutter for the 
beam, allowing short bursts of neutrons 
to pass each time a slit swings into the 
proper position. At full speed the chop- 
per yields 1.000 pulses per second, each 
lasting a millionth of a second. .The slits 
are an inch high by .01 inch wide. The 
extremely narrow beam that they pro¬ 
duce makes it tx)ssible to work with 
small samples of material, as little as a 
hundredth of a gram. This means that 
we can experiment with separated iso¬ 
topes. which are available only in frac¬ 
tions of a gram. 

To detect the neutrons we use a crys¬ 
tal that scintillales when they strike it. 
The cry stal is set up about 100 feet from 
the chopper. As each burst of neutrons 
traverses the long path, it becomes 
elongated in the direction of motion, the 
fast particles heading the parade and the 
slow ones bringing up the rear. Attached 
to the scintillating crystal are 100 sepa¬ 
rate counters, each turned on for suc¬ 
cessive intervals lasting a hundredth of 
the total flight time. A beam of light, 
which passes through the slits with each 
burst of neutrons, triggers the counting 
sequence, starting the first counter just 
in time to pick up the first neutrons. 
Thus each counter records particles in a 
very narrow range or speed. To record 
an absorption spectrum the counters are 
read first with an unobstructed neutron 
beam. Then a sample of material is 
placed between the chopper and de¬ 
tector and the counters read again. The 
Sliver s[x?clra reproduced on page 152 
show how much sharper resolution we 
get with the Brookhaven chopper than 
with earlier methods of selecting neu¬ 
tron velocities. 

I '^HE fast chopper works well with 
neutrons of alwut 10,000 to 10 elec¬ 
tron volts. Ai the lower end of the reso¬ 
nance range, from 10 to .01 electron volt, 
the neutron waves are long enough for 
u.s to take advantage of their optical 
properties. These waves are about as 
long as the distance between atoms in 
cr\'stal lattices an<l are diffracted bv 
crystals just as X-rays are. The angle at 
which they are scattered in a given ciy s- 
tal depends on their wavelength, so that 
tliese neutrons can actually be separated 
according to speed in a ciy stal “mono¬ 
chromator.” 

Having ol)taine<l a beam of single-en- 
ergv neutrons, wc generally use it to 
studs other crystals. X-rays, of course, 
have been used in the same wav for half 
a centurv. but luuitrons can do things 
that X-ravs cannot. Neutron diffraction 
lias opened an entirely new field in erss- 
tal analvsi.s—tlie investigation of mag¬ 
netic structure. 

Everv neutron is a tiiiv magnet. When 
it IS scattered bv magnetised atoms its 


deflection depends not onlv on the ''grat¬ 
ing spacing*' of the crystal lattice but also 
on the magnetic forces. Neutron diffrac¬ 
tion patterns are, therefore, different 
from X-ray patterns for magnetic sub¬ 
stances, and from the difference we can 
read the magnetic configuration of the 
crystal. 

At several laboratories neutron dif¬ 
fraction has been applied to the study 
of anti-ferromagnetic materials. In a 
ferromagnetic substance such as iron 
each atom is a magnet and all the atoms 
are lined up with their north poles fac¬ 
ing in the same direction. Anti-ferro- 
magnets also have magnetized atoms, 
but show no over-all magnetism. This 
has been explained by assuming that the 
individual atoms are aligned, out with 
their north poles pointing alternately in 
opposite directions. There was no way 
of checking this assumption, however, 
until C. G. Shull and J. S. Smart of the 
Oak Ridge National Laboratory tried 
neutron diffraction, They exposed a 
manganese oxide crystal to a monochro¬ 
matic beam of neutrons. If the atoms are 
actually arranged according to the 
theory, a neutron will be attracted by 
one, repelled by the next, attracted by 
the third and so on. Because of this 
alternate attraction and repulsion the 
“unit ceir‘-the fundamental structural 
unit of the cry'slal-is twice as large when 
viewed by neutrons as by X-rays. The 
diffraction pattern shoulo then contain 
neutrons at positions where there would 
be no energy in an X-ray pattern. Neu¬ 
trons were found in the diffraction pat¬ 


tern in just these expected positions, but 
only when the cry'Stal was kept at very 
low temperature. At room temperature 
the pattern disappeared, showing that 
the rigid anti-parallel alignment of the 
atoms no longer held good. Other anti- 
ferromagnetic substances are believed to 
have much more complicale<l magnetic 
stnicturo than the simple scheme of 
manganese oxide. Knowing how their 
atomic magnets are arranged is imwr- 
tant b<ith for our basic understanuing 
of the solid state and for a number of 
potentially useful applications. With 
neutron diffraction wc can now find out. 


|>ELO\V the resonance range are the 
slowest neutrons, the thermals. They 
have this name because, by repeated 
c'ollisions with carbon nuclei in the re¬ 
actor, they have bt'en slowed t<i speeds 
e<]u.il to. and even less than, the average 
vibrational $pt*eds of the graphite mole¬ 
cules. These neutrons have energies from 
.01 to .0001 election volt. At their slow¬ 
est tliev travel only about 600 feet per 
scc'ond, t'orre.snonding to a temperature 
of onlv two degrees centigrade above 
absolute zero. 

We have various wavs to sort out thcr- 
m.il neutrons of different speeds. One of 
these is a slow chopper, which operates 
in the same way as the fast chopper. An¬ 


other is the “spiral monochromator,” on 
elaboration of the chopper idea that 
actually filten particles of a single speed 
out of the beam. It is made of a series of 
slotted disks on a single shaft, the posi¬ 
tion of the slots being adjustable (see 
duigram on page 151]. The disks are set 
so that each successive slot stands at a 
fixed angle to the one before it, or, in 
other words, so that the open path 
through the array of disks is a spiral. 
When the apparatus is rotated, a particle 
entering the first slot at the right sp^ 
will find each following slot moving into 
position just in time to let it through. 
Particles at other speeds will bump into 
the solid disks. By adjusting the angle 
(between the slots or the speed of rotation 
of the shaft we can pick out neutrons of 
any desired speed. 

Very slow neutrons are particularly 
useful for studying the motions of atoms 
in crystals. Moving in the same s^ed 
range as the particles they bump into, 
the neutrons can gain or lose a large 
proportion of their energy in collisions. 
From the energies of the scattered neu¬ 
trons we can infer the motiorvs of the 
atoms in the crystal lattice. 

T he WAVELENGTHS of thermal 
neutrons are so long that it becomes 
just possible to reflect them with mirrors. 
Mirror reflection requires a smooth sur¬ 
face, and smoothness is a relative matter 
which depends upon the wavelength in¬ 
volved. The longest neutron waves are 
still 1,000 times shorter than waves of 
visible light, so that an “optically 
smooth" surface still looks very rough to 
a neutron. But just as a highway can re¬ 
flect light that strikes it at a grazing 
angle, so a mirror that is rough to neu¬ 
trons can reflect them when they strike 
at an exceedingly small angle, about a 
tenth of a degree. 

Neutron mirrors are an effective 
means of measuring nuclear forces. This 
is because the force betivecn the neutron 
and the atomic nuclei of mirror materials 
determines the maximum glancing angle 
at which reflection is possible. We can 
measure this “critical angle" nuite pre- 
ciselv, and so calailate the nuclear force 
accurately. The method can be applied 
to a varieW of atoms, since many mate¬ 
rials make suitable mirrors. We have 
used highly polished solids, such as iron, 
nickel and ber^'llium; li(iuids, such as 
mercun', water and benzene, w^hose s\ir- 
faces arc sufficiently flat when quiet; 
gases, such as helium and nitrogen, con¬ 
tained in vessels wnth polished walls, 

R ecently neutron minors have 
given us an accurate measurement 
of one of the smallest of all interactions 
behveen fundamental particles, the one 
between the neutron and the electron. 
It might seem at first that the force be¬ 
tween these two fundamental particles 
should be zero, for the neutron has no 
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OXYGEN 


BISMUTH 


COUNTER 


GRAPHITE FILTER 


NEUTRON MIRROR experiDienU al Brookhavcn utilized the arrangement 
^hown in this side view. The neutrons emerged from the pile at the left 
and were reflected from the boundary between bismuth and liquid oxvtien. 


BISMUTH MIRROR is used in the arrangement <]epirted in the diagram 
above. During an experiment liquid oxygen is poured into tlic container 
around it. The neutrons emerge from the pile hole through the slit at right. 




The Author 

DONALD J. HUGHES has been 
working with atomic piles since the first 
one svent into operation in a University 
of Chicago squash court. He was bom in 
Chicago in 1915 and educated at the 
Universit)' of Chicago, receiving his 
Ph.D. in physics in 1940. Until early in 
1943 Hughes worked at the Naval Ord* 
nance Laborator)’ on mine and torpedo 
detectors. Then he transferred to the 
Manhattan District in Chicago and has 
been working in the field of nuclear 
physics ever since. He did research on 
pile neutrons first in Chicago with the 
original pile and later at the Hanford 
Engineer Works when the big pluto¬ 


nium^producing reactors were built. 
After the war he joined the Argonne Na^ 
tiona! Laboratory as director of its nu¬ 
clear physics division. In 1949 Hughes 
went to the Brookhaven National Lab¬ 
oratory, where he is now. 

Bibliography 

Pile Neutkon Resf.akcii Teciiniqves- 

I. D. J. Hughes in Nucleonics, Vol. 
6, No. 2, pages 5-17; Febniar)’, 1950. 

Pile Neutron Reseauch Techniques- 

II. D. J. Hughes in iVucJeonics, Vol. 
6, No. 5, pages 38-53; May. 1950. 

Pile Neutron Research Tecjiniques- 

III. D. J. Hughes, Vol. 6, No. 6, 
pages 50-55; June, 1950. 


SPECIAL NOTE TO TEACHERS: Each article in this volume, plus more than 660 
others, IS available as a separate, sell-bound SCIENTIFIC AMERICAN Ollprint. 
Ollprints may be ordered in any combination and in any quantity. Teachers who 
want to adopt articles lor their courses, therefore, can ensure that each student 
has his own set. Students' sets are collated by the publisher before shipment. 



SClEVriFKI 

AMERICVN August 1949, Vol. 181, No. 2. pp. 48-51 


OFFPRINT 220 



158 PHYSICAL SCIENCES 220 


yields lead 207. It gave 254 million years 
as the age of the rock. The third clock 
was based on the proportion of lead 207 
to lead 206; because the half-lives of 
their parents, U-235 and U-238. diHer, 
this ratio varies with time in a calculable 
manner. This clock timed the age of the 
rock as 256 million years. Thus the three 
uranium clocks showed remarkable 
agreement. The thorium measurement, 
apparently less accurate, was discarded, 
and the age of the sample was consid¬ 
ered to be accurately fixed at about 255 
million years. 

Such close agreement is, of course, the 
exception rather than the rule. More¬ 


over, it is not often that more than one 
clock is at hand to check the results. Be¬ 
cause minerals with enough uranium or 
thorium in them to be usable for lead 
ratios are relatively rare, age determina¬ 
tions by this method frequently cannot 
be made where needed most. What 
geologists have sought is a measure that 
can be used on the small amount of 
radioactivity present in common rocks. 
Virtually all rocks have at least a little 
radioactivity; granites, for example, 
average about a tenth of an ounce of 
uranium per ton. 

There was great hope for a time that 
helium would provide this sensitive 


measure. Helium, whose atomic nuclei 
are alpha particles, is one of the products 
of the breakdown of uranium and tho* 
hum; e.g., each atom of U-238, in decay¬ 
ing to stable lead, yields eight atoms of 
helium. Measurements of helium in rock 
samples at first seemed to give rock ages 
that agreed with those determined oy 
lead measurements, but it was found 
later that this agreement was accidental 
and due to a compensating error. 

There is almost always less helium in 
rocks that have crystdlized out of a 
molten state than one would expect. In 
such rocks radioactive elements are con¬ 
centrated in little pockets. Helium in the 
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form of alpha particles is fired atom by 
atom into the crystal structures of the 
rock as bullets might be fired into a log. 
It is believed that the crystal structures 
eventually break down and allow some 
helium to escape from the rock. Rocks 
that have not crystallized out of a molten 
state do not bear their uranium and tho* 
rium in these highly concentrated pock¬ 
ets, so they are being investigated for 
their usefuWss in the measurement of 
time by helium ratios. One mineral, 
magnetite, has been tested extensively, 
and the results derived from it are in 
general agreement with those derived 
from lead ratios. 

The element rubidium is another use* 
ful clock. The radioactive isotope rubid¬ 
ium 87, with a half-life of about 58 
billion years, decays to a stable isotope 
of strontium. Thus the age of minerms 
containing rubidium can found by de¬ 
termining the ratio of Sr®^ to Rb^. Cer¬ 
tain micas are rich in rubidium. In 
lithium mica it has been found that more 
than 98 per cent of the strontium present 
is the product of the decay of rubidium. 
Measurements of a number of minerals 
containing rubidium have yielded ages 
that agree reasonably well with those 
based on uranium and lead. 

These various clocks have now given 
us an approximately accurate time scale 
for the geological periods since the be¬ 
ginning of the Canmrian Period of some 
500 million years ago {see chert on page 
160], In the map on page 158 are cal¬ 
culated ages of some older rocks in North 
America. J. Tuzo Wilson of the Univer¬ 
sity of Toronto has recently plotted belts 
of exposed pre-Cambrian rocks in the 
ancient formation known as the Cana¬ 
dian shield. From observations at places 
where these belts crossed one another, 
he determined their relative ages. The 
radioactive clocks agreed in general with 
Wilson's evidence. For instance, rocks in 
the belt that he judged to be the oldest 
showed the greatest age, two billion 
years, in the radioactivity measure¬ 
ments. 

B ut WHAT about dating events in 
the Pleistocene—the brief last mil¬ 
lion years in which man has lived on the 
eartn? The slow-paced clocks that we 
have been considering have no minute- 
hands; they are not refined enough to 
measure intervals as short as a fraction 
of a million years, the period in which 
anthropologists and glacial geologists are 
particularly interested. The events of this 
period have hitherto been dated by the 
ebb and flow of glaciers, by tree rings 
and by sedimentary layers—all of which 
have t>een unsatisfactorily restricted as 
clocks. 

To measure lengths of time of a few 
thousand or hundred thousand years, we 
must use isotopes with half-lives of the 
same order of magnitude, instead of the 
millions or billions of years of uranium 


and thorium. It so happens that there are 
several convenient ones. 

One useful clock is found in the sedi¬ 
ments laid down on ocean floors. In their 
microorganic remains the sediments con¬ 
tain an unbroken record of changes in 
climatic conditions and surface-water 
temperatures over the whole Pleistocene 
Period. And mixed with the sediments, 
deposited in them out of sea water, is the 
raaioactive isotope thorium 230, with a 
half-life of about 83,000 years. Thorium 
230 is one of the intermediate products 
in the decay of uranium to lead. It has 
been found that the ratio of thorium 230 
to uranium decreases in a regular man¬ 
ner with increasing depth of the sedi¬ 
ments. If the amounts of thorium 230 
and uranium are measured in closely 
spaced samples taken from the top of 
the sediments down, the rate of deposi¬ 
tion of the thorium at any level, ana the 
age of that level, can be calculated. 

It is now possible to obtain samples of 
these sediments from any desired depth 
and location by means of a ship-borne 
rig that cuts a long core out of the ocean 
bottom. Cores 20 to 30 feet in length, 
representing the entire Pleistocene or 
even longer, have been brought up and 
studied. One interesting and important 
investigation in the Antarctic region has 
shown that glacial conditions have ex¬ 
isted there for I.l million years, and that 
ice ages in the Southern Hemisphere ap¬ 
parently were contemporaneous with 
those in the Northern Hemisphere. 

This clock will be particularly helpful 
to anthropologists, who are interested in 
the dates oi glaciation and climatic 
change. The ethnologist, unearthing an 
early culture of man, needs a shorter 
time measurement. A clock suited to his 
needs may be forthcoming as a result of 
a most happy recent discovery by E. C. 
Anderson, W. F. Libby and others at the 
University of Chicago. This clock is the 
radioactive isotope carbon 14. Anderson 
and his co-workers found that carbon 14 
is being created continuously in the at¬ 
mosphere by cosmic radiation. Neutrons 
proouced by cosmic rays convert part of 
the nitrogen 14 in the air into carbon 14. 
The amount of carbon 14 is not continu¬ 
ously increasing, but has reached a bal¬ 
ance point where as much breaks down 
by radioactive decay as is formed. Thus 
the small amount of carbon 14 in the air 
remains constant, and it was probably 
the same hundreds of thousands of years 
ago as it is now. But any carbon 14 that 
is taken out of the air by some stable 
material on the earth (e.g., a tree or ani¬ 
mal) decays without replenishment if it 
is buried. It is possible, tnerefore, to date 
wood, sea shells or other materials con¬ 
taining carbon that are found with arti¬ 
facts in a buried comp site or cave simply 
by measuring the proportion of the car¬ 
bon 14 that is left in tno buried remains. 
Since the half-life of carbon 14 is only 
5,700 years, this clock will be reasonably 


accurate only up to about 25,000 years. 
Recently the Chicago investigators made 
an interesting test to check their method. 
They obtained two samples of wood 
from Egyptian tombs: one from the 
tomb of Snefeni at Meydum, the other 
from the tomb of Zoser at Sakkara. Ar¬ 
chaeological evidence indicated that 
both samples were about 4.600 years old. 
The carbon 14 measurement gave an age 
that agreed with this within the statisti¬ 
cal counting error—a remarkable demon¬ 
stration and a well-executed piece of 
scientific work. 

Still another possible clock is the iso¬ 
tope potassium 40. This isotope may de¬ 
cay to calcium 40 or to argon 40. Too 
little is known about its half-life, how¬ 
ever, to make this clock usable at the 
present time. 

LTIMATELY the most interesting 
question to be answered by our 
radioactive clock is: How old is the e«rrth 
itself? Older estimates have varied from 
the 17th-century calculation of the Irish 
Archbishop James Ussher that the earth 
was formed at nine o'clock on the morn¬ 
ing of October 12, 4004 B.C., to the al¬ 
most equally specific figure of 1,972,- 
949,048 years arrived at by the ancient 
Hindus. The Hindus, oddly, were in the 
right order of magnitude. 

The oldest rocks that have been reli¬ 
ably dated are about two billion years 
old. But obviously there is little hope of 
arriving at an accurate figure for the age 
of the earth by direct measurement of 
the age of any mineral, for it can never 
be ascertained from such evidence alone 
how close to the beginning of the earth's 
time that particular mineral was formed. 
As more minerals have been measured, 
older and older ones have been found, 
and it is knowm that there are rocks more 
ancient than those dated t\vo billion 
years ago. 

A more direct and at present the most 
reliable method of arriving at the age of 
the earth is the study of the ratio be¬ 
tween lead 206 and 207, daughters of 
uranium 238 and 235, respectively, in 
lead ores occurring in various parts of 
the earth. As we have noted, because of 
the difference in their half-lives the ratio 
of U-235 to U-238 has changed during 
the earths history. There was more 
U-235 in a gram of uranium in the past 
than there is today, and the ratio can be 
calculated for all times in the past. In 
the discussion of the thorium and vira- 
nium clocks, it was pointed out that the 
pro£X>rtion of the various isotopes in 
common lead was almost constant. But 
it is not quite: actually ' common'* lead is 
made up of a "primevar* lead, inherited 
by the earth at its beginning, and vciy 
small additions of daughter lead from 
the thinly distributed uranium and tho¬ 
rium that exists through the earth's crust. 
These small additions vary with the age 
of the common lead. Using these facts 
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and comparing the proportions of lead 
206 and 207 with lead 204 in a number 
of samples of lead ore of various ages 
and locations, the British geologist Ar¬ 
thur Holmes has computed the probable 
age of the earth at 3.35 billion years. 
This value appears to be the most relia¬ 
ble yet obtained. As the half-lives of U- 
238 and U-23S are determined more 
precisely, and as more isotopic analyses 
of lead are made, the figure may be 
modified, but it will probably not change 
very much. 

I F THIS be taken as the age of the 
earth, how much older is the uni¬ 
verse? Twenty years ago astronomers, 
led by the British cosmolomst James 
Jeans, were in favor of the “Tong* time 
scale, reckoning the age of the universe 
as some thousands of billions of years. 
The discovery of the “red shift** in the 
light from distant galaxies, which led to 
the expanding universe theory, and work 
on the dissolution of galactic clusters, 
recently summarized by Bart Bok of 
Harvard University, have tended to 
shorten the time scale in the minds of 
most astronomers. In general it seems 
that the astronomers now are more con¬ 
scious of the youthfulness of the univene 
than of its antiquity. Their estimates to¬ 
day arc of the order of two to three 
billion years. 

Geologists and radiochemists believe 
that through the study of the present 
abundances of unstable isotopes and esti¬ 
mates of their probable abundances in 
primordial times, they may be able to 
determine a limit for the age of the uni¬ 
verse. If all the universe was created 
suddenly at a certain point in time, pre¬ 
sumably all of the nuclear species now 
known, both natural and artificial, and 
many more besides, would have been 
formed in the process. This time of crea¬ 
tion of atoms, if indeed such an event 
occurred at a single time, has been called 
“nuclcogcnesis.** The present evidence 
seems to place nucleogenesis only a short 
time before the origin of the earth, three 
billion years ago. 

The fact that we now have well-de¬ 
fined limits to the age of the earth, and 
even some suggestion of the age of the 
universe itself, brings us face to face 
with the hardly avoidable consideration 
that the material universe was bom in a 
violent event at a time in the not too dis¬ 
tant past. Thus our radioactive clocks, 
by introducing calculable time, however 
great, into the history of the earth and 
the universe, give a reality to events 
which was not present when they were 
considered to nave happened vague 
* eons ago.** 
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ELECTROLUMINESCENCE 


by Henry F* Ivey 


When a luminescent substance such as zinc sulfide is placed in 
an alternating electric field, it emits light. This effect makes 
possible thin illuminating panels and many other useful devices. 


A new revolution in artificial light¬ 
ing is jn the making. Through 
most of human history man illu¬ 
minated the darkness by means of a 
flume—progressing from the torch to the 
candle to the kerosene lamp. Within the 
last three quarters of a century our mode 


of living has been transfonned by the 
incandescent and the fluorescent lamp. 
The innovation now under development 
is the luminescent panel. The prospect is 
that within a few years our houses and 
offices will begin to be lighted by lumi¬ 
nous ceilings and walls. All sorts of at¬ 


tractive possibilities are opened up by 
this method of illumination. It will give 
us light of almost any color or bright- 
ness at will. Merely by turning a knob, 
we shall be able to bathe our rooms with 
rosy light on days of dreary skies, or 
with cool blue light when the sun is 
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harsh. Night will be turned into day by 
curtains of light at our windows—dra¬ 
peries glowing with the golden shimmer 
of sunlight. 

These» however, are only the more 
glamorous aspects of the phenomenon 
which is the subject of this article. Elec¬ 
troluminescence promises to revolution¬ 
ize not only illumination but also tech- 
niques of picture-making. It can trans¬ 
form invisible radiations—ultraviolet. 
X-rays, cathode rays-into visible light. 
It may therefore improve X-ray photog¬ 
raphy and television, and introduce en¬ 
tirely new ways of forming pictures. But 
fully as interesting as its technological 
possibilities is the phenomenon itself. 
Electroluminescence is a new method of 
generating light. As such it gives us a 
new outlook on the behavior of energy 
and matter, in a realm which has recent¬ 
ly become a cornucopia of useful 
and fundamental information—solid-state 
physics. 

In a broad sense electroluminescence 
is not basically different from the lumi¬ 
nescence we see in a fluorescent lamp, a 
fiuoroscopc or a television (cathode-ray) 
picture tul>e. In all of these devices the 
light is produced by exciting a phosphor. 
The difference among them lies in the 
agent used for excitation. In a fluores¬ 
cent lamp the phosphor is excited by 
ultraviolet rays, produced in the tube 
by a gas discharge; in a fluoroscopic 
screen it is excited by X-rays; in a cath¬ 
ode-ray tube, by a beam of high-speed 
electrons. In the case of electrolumines¬ 
cence, the exciting agent is an alternat¬ 
ing electric field. The phosphor, em¬ 
bedded in a thin layer of nonc'onducting 
material, is sandwiched between two 
layers of a material that conducts elec¬ 
tricity. When an alternating voltage is ap¬ 
plied to thc*se outer layers (electrodes), 
it sets up an alternating electric field 
across the phosphor layer and causes the 
phosphor to emit light. From a practical 
point of view, the most important fea¬ 
ture of this system is that it frees us 
from the confines of a tube or bulb in 
producing light. We can make light- 
emitting surfaces of any size or shape. 
Moreover, our **tNvo-dimensional lamp'" 
can be almost as thin as we please. The 
phosphor layer is only a few thousandths 
of an inch thick, and the outer layers of 
the sandwich can be fine wire meshes or 
films of a conducting substance (c.g., tin 
oxide). 

'I’^he fact that light could be generated 
^ by this meth^ was discovered in 
1936 by a Frenchman named George 
Destriau, and it is sometimes called the 
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Dcstriau effect. He placed some zinc 
sulfide phosphors in an intense alternat¬ 
ing field and made them glow—but so 
feebly that the light could be seen only 
in a dark room by eyes adapted to the 
darkness. The idea that phosphors could 
be excited by an electric field met with 
considerable doubt at first, but since 
1950 Destriau s discovery has been fol¬ 
lowed up by intensive research, not only 
because it promises a new form of light¬ 
ing but al^ because it is yielding new 
information about phosphors and the 
solid state. 

The key to luminescence is the pro¬ 
pensity of electrons in atoms to jump 
from one energy state to another. Upon 
absorbing a quantum of energy from 
some outside source, an electron jumps 
to a higher, or "‘excited^ state. It may 
then jump back to its original slate, re¬ 
emitting the absorbed energy. In a phos¬ 
phor, part of this energy is emitted as 
light. But the process is complex, and 
certain conditions must be met to make 
the electron jumps produce light rather 
than merely heat or other radiations. 

Here is a phosphor crystal, say zinc 
sulfide. Since its closely packed atoms 
interact with one another, we must think 
of its electrons as occupying a band of 
energy levels, instead of the single, 
sharply defined energy level of an elec¬ 
tron in an isolated atom. Nevertheless, 
just as a single electron in an atom is 
permitted only certain energy levels and 
is forbidden any intermediate energies, 
so there is a forbidden band of energy 
values which cannot be occupied by any 
electrons of the zinc or sulfur atoms. 
When the crystal is unexcited, the lowest 
energy band is completely filled with 
electrons. If exciting energy is supplied 
to the crystal, some of the electrons 
will jump from this band across the for¬ 
bidden band just above it into a per¬ 
missible higher band. Now if an electron 
jumps back to the lowest band, it Nvill 
emit energy-but not in the form of 
light. The quantum of energy reejuired 
for a jump from one level to another de¬ 
pends on the width of the gap, and the 
size of the quantum determines the fre- 
cjucncy. or wavelength, of the radiation 
emitted: the bigger the quantum, the 
higher the frequency. In this case the 
gap across the forbidden band is so wide 
that an electron jumping back to the 
lower band emits its energy at a fre¬ 
quency in the ultraviolet region rather 
than in the lowcr-frequency region of 
visible light. 

But we can narrow the gap. Suppose 
we insert a new rung within the forbid¬ 
den zone to shorten the step for the 


jumping electrons. We can accomplish 
this by introducing a few copper atoms 
into the zinc sulfide crystal. An energy 
level permissible to coppers electrons 
lies within the band forbidden to those 
of zinc and sulfur. If a copper electron 
is excited to a higher energy level, it 
leaves a vacancy which can be filled by 
an electron dropping from the higher 
band. The drop to this level is short 
enough-that is, the quantum is of the 
right size-to produce emission of light. 
The electron berths provided by the 
copper atoms are therefore called lumi¬ 
nescence centers. 

There are other holes, within the for¬ 
bidden band and close to the higher 
energy band, into which electrons may 
fall. They are called traps, and are cre¬ 
ated by imperfections in the ciy'stal or 
by chlorine atoms, which are introduced 
to control the number of copper atoms 
dissolved in the crystal Electrons falling 
into traps generate only heat, but they 
are easily excited out of the traps and 
then can fall into empty luminescence 
centen, producing light. 

T he foregoing describes the mechan¬ 
ism of the more familiar types of 
luminescence, such as fluorescence. The 
ultraviolet rays in a fluorescent tube 
excite electrons contained in the phos¬ 
phor to the higher permitted energy 
band, and the excited electrons then 
fall into empty luminescence centers. 
When we come to electroluminescence, 
the process is more indirect. The alter¬ 
nating electric field cannot kick electrons 
out of the centers directly. What it does 
is to accelerate free electrons, and these 
accelerated particles then knock elec¬ 
trons out of the luminescence centers, 
creating vacancies into which electrons 
can fall with emission of light. In prac¬ 
tice. if the method is to produce much 
light, the phosphor has to be specially 
treated to increase the effectiveness of 
the electric field. Small particles of cop¬ 
per sulfide are introduced into the phos¬ 
phor. Because copper sulfide is a good 
conductor, each of these particles con¬ 
centrates and intensifies the electric field 
around it, and so enhances the accelera¬ 
tion of electrons. 

We gel something of a picture of how 
the process works by setting up a me¬ 
chanical analog)’. Let us take a board 
pitted with holes like a Chinese checker¬ 
board: deep holes represent lumines¬ 
cence centers and much shallower ones 
represent traps. Using marbles os elec¬ 
trons, we fill all the luminescence centers 
and some of the traps with electrons. The 
board is mounted on a fulcrum so that it 
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EXPERIMENTAL ROOM at ihc Bloomfield* N. plant of the minescent panels. The panels were made with tine sulfide octi» 

Weilinghouse Electric Corporation is illuminated with electrolu- voted with copper. They operate at 400 volu and 3,000 cycles. 


tilts from one side to the other like a see* some hit marbles In luminescence cen* down. When the board returns to the 

saw: this represents the alternating elec- ters and knock them out; soon there is horizontal position* the marbles stop 

trie field [see drawings on page 166], an avalanche of marbles rolling down rolling. They fall into traps, because 

Now suppose we look at one side of the surface of the board (representing there are no empty luminescence centers 

the board as it is tilted down. As the the higher energy band). Then, after the out near the periphery where they arc 

steepness of the tilt increases* marbles board reaches its steepest tilt and starts concentrated. Many of the centers near- 

begin to roll out of the shallow traps; back up again, the avalanche slows er the middle of the board are. however. 



CRYSTALS OF CADMIUM SULFIDF^ enlarged 200 iimet in the 
photograph at left, are ihol through with needledike diilocations 
of their cryatal Utticei. The diagram at right thowe a crystal of 


*inc $ul(ide containing parliclei of cop|>er sulfide in similar di«« 
locetioot. Because copper sulfide is a good conductor, the particle^ 
distort ond loteniify on electric field {broken lines} around them. 
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unoccupied. Now the side of the board 
that we are watching begins to Git up¬ 
ward. The marbles roll out of the traps 
and back toward the empty centers. 
They drop into these holes. The cycle is 
completed when the board again comes 
back to the horizontal position. 

Meanwhile on the other half of the 
board the same thing has happened, but 
one half-cycle out of phase. Thus while 
luminescence centers are being emptied 
on one side of the board they are being 
filled on the other. 

This is what happens around each lo¬ 
cal intensification of the electric field in 
a phosphor. The field, though not strong 
enough to dislodge electrons from lu¬ 
minescence centers, can free electrons 
from the traps and so start an avalanche. 
Once started, the avalanche excites 
many of the electrons out of the centers 
by means of collisions. It slows down as 
it reaches areas of low field strength. 
The electrons then fill nearby traps, only 
to be liberated again by the reverse 
build-up of the alternating field, which 
accelerates them back toward the empty 
centers. When electrons drop into the 
centers, they emit light. 

rphe main problem in electrolumines- 
^ cence is to get enough output of light 
from the phosphor. There are hvo ways 
to step up its brightness: increase the 


voltage (i.e.y strengthen the electric 
field) or speed up the field's oscillating 
frequency. If we strengthen the field, we 
generate more light emission by empty¬ 
ing and refilling more luminescence cen¬ 
ters in each cycle; if we increase the 
frequency (rode the board faster), we 
get the same result by emptying and re¬ 
filling the centers more rapidly. But 
there are limits to both stratagems. Too 
strong a field will break down the in¬ 
sulating property of the phosphor layer; 
too short a cycle will not give the elec¬ 
trons time enough to emerge from their 
traps. 

The highest brightness yet produced- 
achieved by exciting a green phosphor 
with a field at 20,000 cycles per second- 
15 2,500 lumens per square foot of phos¬ 
phor area. This is brighter than a stand¬ 
ard 40-watt fluorescent lamp. But it takes 
an inordinate amount of electric power, 
because the efficiency of the electro¬ 
luminescent process is low. At 20,000 
cycles per second electroluminescence 
yields only about one lumen per watt of 
applied power, whereas a fluorescent 
lamp gives 65 lumens per watt, and even 
an incandescent electric-light bulb (of 
100 watts) yields 16 lumens per watt. 

The reason for the low efficiency of 
electroluminescence is that the ava¬ 
lanching electrons spend most of their 
energy in collisions with atoms in the 
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ENERGY HANDS of a zinc 6ulfide cryital are scliematically depicted. At bottom is the 
band occupied by uncKcilcd electrons; at top, the band occupied by escited electrons. Be¬ 
tween the tt^o is 0 ^"forbidden** band which cannot be occupied by electrons in a pore 
rrystol. If an electron in such o crystal jumps from the lower band to the upper and falls 
back a^ain, it may emit ultraviolet radiation or simply radiate beat. If copper atoms are 
introduced into the crystal, they form a lumincsceDce center whose energy level U in 
the forbidden band. If nn electron jumps from this level (1) and falls back again (2), it 
emits light. The electron can also wander through the crystal (3) and fall into an electron 
trap t1). Such a trap is creoted by an imperfection in the crystal or by chlorine oloms which 
are introduced to control the number of copper atoms. The electrons are easily dislodged 
from the trap <S) and can then fall back to the level of the luminescence center (6 and 2). 


MECHANICAL ANALOGY discussed in 
the text of this article b depicted on the 
opposite page. The colored balls are elet- 
trons; the deep holes, luminescence centers; 
the shallow holes, deetron traps. The 
hitched area in the center represents the 
copper sulfide introduced into the rioe anl- 
fide crystal to intensify the electric field. 
The tilting of the board is an analogy for 
the alternation of the Toluge, which is also 
represented by the curves at the far right. 


crystal: only a minority knock electrons 
out of luminescence centers. It has been 
found that the process behaves most ef¬ 
ficiently when the applied electricity has 
a potential of a few hundred volts and a 
frequency of a few hundred cycles per 
second. Ilte highest efficiency obtained 
so far is 12 lumens per watt. The aim of 
the workers on this problem is to raise 
the efficiency to about that of diffused 
fluorescent lighting-namely, about 80 
lumens per watt. 

Until more effective materials are de¬ 
veloped, electroluminescent lighting will 
require alternating electricity of con¬ 
siderably higher frequency than the 60- 
cycle current now supplied by power 
lines. For houses, small converters using 
transistors may serve to convert this cur¬ 
rent to the necessary frequencies. In a 
large office building it would be quite 
feasible to install a generator which 
would deliver power at frequencies 
around 1,000 cycles per second. The cost 
of such an installation would be oSset by 
a great saving in the cubage of the build¬ 
ing, because it would need only very 
thin ceilings, in place of the space now 
required for lamp fixtures. Whereas re¬ 
cessed fluorescent lamps, for instance, 
need a depth of 14 inches, electrolumin¬ 
escence would thin the ceiling do>vn to 
less than one inch. 

The fact that electroluminescent sur* 
faces can take any size or shape provides 
an endless list of possibilities. Light 
might be built into walls, doors, stairs, 
balustrades, domes or any other ele¬ 
ments of a building. It could be built 
into furniture and even into draperies, 
because the luminescent sheets can be 
made as flexible as cloth. And the color 
of the light could be changed instantly 
by tuning the applied electricity to a 
different frequency. The available colors 
depend on the substances introduced 
into the phosphor to provide lumines¬ 
cence centers. Copper gives blue or 
green. Manganese, whose electrons oc¬ 
cupy an energy level closer to the upper 
energy band of the phosphor (f.c., are 
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MULTICOLORED PANEL of one type innade by Mackingred (R), yellow (Y». green (G) 
and bine iBl phosphor*. Inductors are used to tune in each layer (circuil ot rigbl). 



COMPLEX PANELS arr di^sfclrd. Layers of ihe panel ai lop arc, from lop lo bollom: 
(ilarft, eonduriing coating, phosphor parliclefi i^UApcnded in plaMic, conducting coaling. 
Layers of ihe cell in middle are: plodic. conducting coaling, phosphor particles embedded 
in low*me]ling*point glass, rcHecUng enamel, metal base, ijtyers of the flexible panel at bot* 
torn arc: plastic, y\%T^ mesh, phosphor embedded in plastic, conducting coating, plaitic. 


separated from it by a shorter gap), 
emits light of longer wavelengths. The 
selection of colors is made subject to 
control by frequency tuning by means 
of several methods, some of which In* 
volve combining different phosphors. 

L et u$ see now how electroluminescence 
can form a picture. This can be 
accomplished by what is essentially a 
simple device. As the “camera”-the in¬ 
strument for receiving the image of the 
object to be pictured-we can use a so- 
called photoconductor. This is a mate¬ 
rial whose ability to conduct electricity 
is increased by exposure to light or other 
radiation-the more intense the radiation 
falling upon it, the greater its conduc- 
tivit)*. Suppose we back up a layer of 
photoconducting material with a layer 
of electroluminescent material and apply 
a voltage across the combination. If now 
we focus an image on the photoconduct¬ 
ing side, the intensity of the light falling 
on each point will govern the voltage 
across the two layers at that spot. In 
other words, the photoconductor trans¬ 
lates the light and dark parts of the pic¬ 
ture into a pattern of varying voltage. 
In turn, this voltage pattern excites in 
equally varying degree the correspond¬ 
ing points in the phosphor on the other 
side of the sheet. The luminescent phos¬ 
phor therefore displays the original im¬ 
age, as if it were projected on a screen. 
The interesting point is that even pat¬ 
terns formed by invisible radiations 
(acting upon the pholoconductor) can 
be converted into visible pictures. More¬ 
over, the device can amplify the ‘'bright¬ 
ness** of the image picked up by the pho¬ 
toconductor. Thus it could, for example, 
display an X-ray picture many times 
more brightly than a fluoroscope can. 

If we let the light emitted by the 
luminescent side feed back to the photo¬ 
conducting side, we have a device for 
storing information: it stores a certain 
voltage even after the original stimulat¬ 
ing signal has been removed. This com¬ 
pact form of storage could be useful for 
incorporation in electronic computing 
machines. 

It seems possible that an electrolumi¬ 
nescent screen could perform the func¬ 
tions of a cathode-ray tube; if so, wc 
might eventually have television sets 
thin enough to be hung on the wall like 
a framed picture. 

There are a number of problems to be 
solved before electroluminescence en¬ 
ters our daily lives, but the research lab¬ 
oratories working on them hope that, 
with luck, they will be solved in the next 
few vcius. 











The Author 

HENRY F. IVEY is in charge of the 
phosphor section of the Westinghouse 
Electric Corporation. He was trained in 
physics at the University of Georgia and 
the Massachusetts Institute of Tcchnol* 
ogy, where he earned his Ph.D. in 1944. 
As a staff member of the M.I.T. Radia* 
tion L;iboratory during World War II, 
Ivey worked on cathode-ray screens for 
radar. This led him to research on the 
luminescence of television screens and 
on the new lighting technique which he 
describes in this article. 

Bibliography 

The Electrical Pbopebties of Phos¬ 
phors. C. F. J. Carlick in Progress in 


SemicondueforSy Vol. 1, pages 101- 
133; 1956. 

Electroluminescence and Related 
Topics. G. Destriau and H. F. Ivey 
in Proceedings of the Vol. 43, 

No. 12, pages 1,911-1940; December, 
1955. 

The New Phenomenon of Electro¬ 
photoluminescence AND Its Possi¬ 
bilities FOR THE investigation OF 
Crystal Lattice. G. Destriau in 
The Philosophical Magazine, Ser. 7, 
Vol. 38, No. 285. pages 700-739, Oc¬ 
tober, 1947; Vol. 38, No. 286, pages 
774-793, November, 1947; Vol. 38, 
No. 287, pages 880-888, Dect*mber, 
1947. 

Solid-State Luminescence. Ferd E. 
Williams in Advances in Electronics, 
Vol. 5 pages 137-168; 1953. 


SPECIAL NOTE TO TEACHERS: Each article in this volume, plus more than 680 
others. Is available as a separate, self-bound SCIENTIFIC AMERICAN Offprint. 
Offprints may be ordered in any combination and in any quantity. Teachers who 
want to adopt articles for their courses, therefore, can ensure that each student 
has his own set. Students' sets are collated by the publisher before shipment. 




SCIENTIFIC 

AMERICVN November 1958, Vol. 199. No. 5. pp. 31*37 


OFFPRINT 222 


THE REVIVAL OF THERMOELECTRICITY 


by Abram F. Joffe 



The Seebeck and Peltier effects dispense with moving parts in the 
transformation of energy from heat to electricity. Long regarded 
as curiosities, they are now generating a technical revolution. 


F arms and pioneer settlements in 
many regions of the U.S.S.R. re¬ 
mote from electrical power grids 
today enjoy the advantages of electric 
light, electrified machinery and radio, 
thanks to a new kind of generator. This 
generator has no moving parts, but con* 
verts the heal of a kerosene lamp or a 
wood stove directly into electrical pow¬ 
er. In the cities of the nation, apartment 
dwellers are soon to be furnished with 
an inexpensive refrigerator which op* 
crates on a (juite opposite eScct. This 
refrigerator has no motor or compressor 
and no refrigerant fluid; it uses electrical 
energy directly to pump the heat out of 
its interior. A variation of this effect 
applied to the heating of indoor working 
and living spaces promises to achieve 
great economy in the use of electrical 
energy for such purposes. 

In the modern world, developments of 
this swpe arc never the exclusive prov¬ 
ince of one country. When 1 visited the 
U. S. earlier this year, I found scientists 
and engineers fired with these possi¬ 
bilities and working actively to realize 
them. Evidently we stand on the tliresh* 
old of a new era in power engineering, 
heating and refrigeration. This prospect 
flows from the now-rapid advance of 
thermoelectricity: the direct transfonna- 
lion of thermal energy into electrical en¬ 
ergy and the reciprocal transformation 
of electrical energy into heat. 

Thermoelectricity is not a new science. 
It is, in fact, just as old as our knowledge 
of the electromagnetic effects upon 
which electrical technology is based. The 


history of electromagnetism began in 
1820, when Hans Christian Oersted re¬ 
ported his observation that a magnetic 
needle is deflected by the flow of an 
electric current in a nearby conductor. 
Only a year later Thomas Johann See¬ 
beck reported his observation that a 
magnetic needle held near a circuit made 
up of two different conductors is de¬ 
flected when part of the circuit is heated. 
Unhappily this promising discovery was 
obscured by the discoverers own mis- 
judgment. A comparison of the Oersted 
and Seebeck observations suggests nat¬ 
urally that a cunent was flowing in 
Seebeck’s circuit. That is the way See- 
becks contemporaries interpreted his 
discovery. But, alas, Seebeck did not. He 
thought he had shown that magnetiza¬ 
tion may be caused by a difference in 
temperature, and attempted to explain 
terrestrial magnetism by the tempera¬ 
ture difference between the Eijualor arul 
the polos. 

Secbecks error had two different 
kinds of consequences. In trying to con¬ 
vince his opponents that his effect was 
magnetic rather than electric in origin, 
and thus not related to the electrical 
properties of the substance, Seebeck in¬ 
vestigated an enormous number of dif¬ 
ferent materials, not only metals but 
also metal oxides, minerals and other 
compounds. Among these were sub¬ 
stances which we now call semicon¬ 
ductors and which wc use today in 
thermoelectric generators. 

On the other hand» in bis unyielding 
battle against electric current, Seebeck 


succeeded in discouraging himself and 
others from attempting to use his 
thermoelectric effect as a source of cur¬ 
rent. Yet it has been found that the sub¬ 
stances he used in his experiments can 
transform heat into electricity with an 
efficiency of about 3 per cent. This com¬ 
pares favorably with the mechanical 
efficiency of the steam engines of his 
day. In the laboratories of the time, 
moreover, the only machines for pro¬ 
ducing electric current were extremely 
weak electrostatic generators. Not unHl 
half a century later was electricity suc¬ 
cessfully generated by electromagnetic 
machines driven by steam engines. 

I t is hard to say how the history of 
electrical engineering and electronics 
might have unfolded had Seebeck s dis¬ 
covery been wisely used. For a long time 
it would have provided the best source 
of electric energy. But this is not what 
happened. The rapid development of 
electromagnetism diverted the interest 
of succeeding generations of physicists 
away from thermoelectricity. Certainly 
one could expect no significant thermo¬ 
electric effects from metals, and these 
were the onlv conductors used in elec- 
trical engineering for the next 100 years. 
Seebeck s mineral semiconductors were 
ignored even in the design of thermo¬ 
couples for temperature measurement, 
the sole application of thermoelectricity 
throughout this period. The Seebeck e^ 
feet became a curiosity, relegated to the 
last pages of physics textbooks. 

For a century the marvelous possibil- 
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SEEBECK EFFECT brings about conversion of beat into electric 
energy: heat input to **hot** junction (le/l) of two dissimilar semi¬ 
conductors causes current to flow from hot to cold end of semi¬ 


conductor In-type) at bottom and from cold end to hot in semi* 
conductor l^type) at lop. An electric current is thus made to flow 
through the entire circuiu including the output element at right. 


ities of thermoelectricity remained 
asleep, like the princess in the fairy tale. 

This slumber was momentarily dis¬ 
turbed in 1834. A French watchmaker, 
Jean Charles Athanase Peltier, discovered 
that the passage of a current through 
the junction between two different con¬ 
ductors is associated with a thermal ef¬ 
fect. But like Seebeck, Peltier failed to 
understand his discovery. He saw it only 
as showing that Ohm s law may be dis¬ 
obeyed by sufficiently weak currents. 
The true nature of Peltiers discovery 
was clearly demonstrated in 1838 by 
Emil Lenz, a member of the St. Peters¬ 
burg Academy. He placed a drop of 
water on the junction; when he made 
the current flow in one direction, the 
water froze; when he made it flow in the 
other, the ice melted. 

Could anyone fail to see that the 
junction liberated heat when the frozen 
drop melted and that it absorbed heat 
when the drop froze? Peltier's discovery 
ought to have found important applica¬ 
tions, since it opened a new way to 
obtain cold and heat. But this discovery 
also spent 100 years in the kingdom of 
>Icep. 

llie true meaning of Seebcck's and 
Peltier's discoveries was appreciated by 
scientists before the middle of the 19th 
century. Until the 1930s, however, at- 
tc'mpts to apply them met with no suc¬ 
cess. This situation has changed radical¬ 
ly in the last few years. What is it that 
has happened? What has ended the cen- 
tury-long sleep of thermoelectricity? 

The prince who has awakened the 
princess is the semiconductor. 

In 1926 a U. S. engineer named Lars 
O. Crondahl showed that an oxidized 
copper plate conducts an electrical cur¬ 


rent easily in one direction, but offers a 
very high resistance in the other. Thus 
if an alternating current is passed 
through such a plate, the current will 
flow for all practical purposes only in 
one direction. In effect the plate becomes 
a rectifier. Soon afterward it was found 
that, when such a plate is illuminated, a 
current is produced. The discovery of 
these properties in copper oxides at¬ 
tracted the attention of physicists to the 
large class of materials with low elec¬ 
trical conductivity which we* now know 
as semiconductors. Investigation soon 
disclosed that such substances possess 
many other remarkable properties un¬ 
known in metals. Upon these properties 
are based the transistor, the solar battery 
and related developments in technology. 
In addition, it was found that thermo¬ 
electric effects are an order of magnitude 
larger in semiconductors than in metals. 

'^his observation raises some funda- 
^ mental physical questions that lie at 
the heart of future developments in 
thermoelectricity. Why is it that semi¬ 
conductors have such a high thermo¬ 
electric advantage over metals, the "full*' 
conductors of electric current? Why is it 
that semiconductors alone make thermo¬ 
electricity a fruitful realm of technology? 
Complete and exact answers to these 
<{uestions require an excursion into 
<{uantum theory. One of the basic prop¬ 
erties of this theory, however, is that it 
cannot be represented by a simple 
model. In attempting to make quantum 
theory easy to understand, wc neces¬ 
sarily misrepresent it. For this reason I 
shall restrict this explanation to more 
familiar concepts that can be stated in 
the language of everyday experience. 


We think of a current in a metal as 
the flow of electrons. In a metal each 
atom contributes at least one electron 
able to move freely within the metal. In 
semiconductors, on the other hand, only 
a very few atoms release such free elec¬ 
trons. The number of electrons available 
for current flow in a semiconductor is 
hundreds or thousands of times less than 
in a metal, and this accounts for the low 
conductivity of these substances. 

When one end of a semiconductor— 
or a conductor, for that matter—is hotter 
than the other, electrons leave the hot 
end more often than they do the cold 
end. They tend to flow toward the cold 
end, and, since they arc all negatively 
charged, the cold end soon becomes 
charged negatively with respect to the 
hot end. Now it is well known that like 
electric charges repel one another and 
unlike charges attract one another. The 
negatively charged cold end thus be¬ 
gins to repel the electrons flowing from 
the hot end. After a short time the flow 
of electrons from the hot end reaches 
equilibrium with the return flow from 
the cold end. The charges no longer ac¬ 
cumulate, but the cold end remains 
negatively charged. The fewer the elec¬ 
trons available for the return flow, the 
higher will be the voltage attained at 
the cold end before c<|uilibrium is 
reached. Since the number of free elec¬ 
trons is much smaller in a semiconduc¬ 
tor, a temperature difference in a semi¬ 
conductor will produce a much greater 
voltage than in a conductor. This is the 
essence of the thermoelectric advantage 
possessed by semiconductors. 

Different semiconductors develop 
greater or lesser voltages. In all semi¬ 
conductors the voltage increases with 
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PELTIER EFFECT, ihe rcvcrs® oi ibe Swbeck cffeci {opposite 
page), makes ihcnnoelcclric cell acl as re(rigeratinf( or heating 
unit. Electric input to the cell as shown here cools the junction at 


left, causing it to absorb beat, and heals the ends of the semi* 
conductors at right, causing them to give up beat By reversing the 
direction of the current the junction can be made to give up heat 


the difference in temperature between 
the hot and cold ends. The voltage across 
a given semiconductor when one of its 
ends is warmer than the other is the 
measure of its characteristic thermoelec¬ 
tric power, which is expressed in volts 
per degree centigrade. Semiconduclors 
display thermoelectric power some hun¬ 
dreds of times greater than that of met¬ 
als. But since metals develop only a few 
millionths of a volt, the thermoelectric 
power of semiconductors is still very 
small. Even when the difference in tem¬ 
perature of the two ends of a semicon¬ 
ductor is several hundred degrees, the 
semiconductor develops only lOllis ol 
a volt. This, however, is enough to make 
thermoelectricity useful. 

Semiconductors possess still another 
thermoelectric advantage not found in 
metals at all In some types of semi¬ 
conductor material the voltage differ¬ 
ential between the hot and the cold end 
is set np not by the (low of negatively 
charged electrons l)ut by the flow of 
positively charged ‘holes” vacated hy 
electrons. As a result, the cold end in 
such a semicxjTiciuctor hec^nmes positive¬ 
ly charged. The two types of semicon¬ 
ductor .ire designated as ”n-type” (hot 
end positive) and p-type” (cold end 
positive). In both Ivpcs, of c'ourse, the 
direction <jf the current (electron flow) 
is from the positive to the negative end. 
as inside a batter)' |see ”The Junction 
Transistor,” hy Morgan Sparks; Scikn- 
td-k: AmI'IUC^n. July, 1952]. 

I et ns now construct a thermoelectric 
’ ^ circuit to generate an electric cur¬ 
rent. W'e take two semiconductors of 
opposite types, an n-lypc and a p-type, 
and join them at their hot ends [sec illus¬ 


tration on the preceding page]. Between 

their cold ends we place a conductor 

through which we wish to pass a cur- 

rent. This conductor mav be the arma- 

ture of an electric motor, a lamp, an 

electrolytic bath to reduce aluminum, or 
¥ 

any other device using an electric cur¬ 
rent. Let us assume that a high tempera¬ 
ture is maintained at the hot junction, 
and that the cold ends of the semicon¬ 
ductors arc maintained at a lower tem¬ 
perature. The current produced in the 
n-type semiconductor flows from the hot 
to the cold end. while that in the p-type 
semiconductor flows from the cold end 
to the hot. The current thus flows around 
the whole circuit, including the electri¬ 
cal device. Such a thermoelectric cell, it 
is true, yields only lOths of a volt, where¬ 
as technological applic«ations require 
dozens and hundreds of volts, e.g., the 
100 to 200 volts used in the home. To 
obtain these voltages in a thermoelectric 
generator wc need only join hundreds of 
individual thennoeleciric cells together. 

The ({uality of a thermoelectric cell, 
however, is not only determined by the 
voltage it will produce. Two other fac¬ 
tors must be taken into account: its elec¬ 
trical and thermal conductivity. If the 
soilage it produces is to be delivered as 
useful current, then il must have high 
electrical conductivity- The same is tnic 
of any other generator: we want the 
electrical power outside, where we can 
use it- On the other hand, if a thermo¬ 
electric e'en is to convert a high per¬ 
centage of the heat energy into electrical 
energy, it must have low thermal con¬ 
ductivity. The principal deficiency of 
thermoelectric cells, as contrasted with 
other heat engines, is that most of the 
lieat supplied to the hot end flows di¬ 


rectly and wastefully, by heat conduc¬ 
tion, to the cold end. Thus the ratio be¬ 
tween the useful electrical output and the 
heat input in a thermoelectric cell is low. 

These three factors-the thermoelec¬ 
tric power and the electrical and thermal 
conductivity—are inherent in the semi¬ 
conductor material. Temperature is an¬ 
other important factor; the higher the 
temperature of a cell, the greater its 
electrical output. One of the prime ob¬ 
jectives of current research is to develop 
materials with high inherent thermoelec¬ 
tric quality that will withstand high tem¬ 
peratures. The best materials developed 
to date convert heal to electricity with 
an efficiency of about 10 per cent 
Wc may compare this to a steam- 
driven electric plant whose efficiency is 
about 30 per cent, or to a gasoline or 
kerosene engine with an efficiency up¬ 
wards of 40 per cent. Clearly this com¬ 
parison does not speak in favor of ther¬ 
moelectric cells. But we have omitted 
the factor of time. We should recall that 
Secbeck s first thermoelectric cells had 
an efficiency of 3 per cent, just as high 
as the steam engines of their day. In the 
intcrv'cning century the efficiency of 
steam engines has been improved by a 
factor of 10, while thermoelectric tech- 
nitjue-as represented by thermocouples 
made of metal—was permitted to drop 
backward by the same factor, to an effi¬ 
ciency of only .3 per cent. Semiconduc¬ 
tors have now improved the situation 
somewhat. Thermoelectric colls today 
are not 100 times less efficient than 
steam engines, but only three times. 

Is this the best we can do? Before 
agreeing that it is. let us consider the 
(juestion from yet another aspect. Effi¬ 
ciency is an important characteristic of 
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a machine* bu( it is not the onlv one. 
In order to obtain electricul energy from 
a steam engine* one must construct a 
furnace* a condenser* a steam boiler, a 
steam engine and a dynamo. This is com¬ 
plex and expensive ecjuipment. A ther¬ 
moelectric generator requires only a 
heater and a cooler; it has no moving 
parts. In many cases this advantage may 
more than compensate for lower effi¬ 
ciency, especially since an efficiency of 
SO per cent can be obtained only from 
very powerful steam turbines. The effi- 
ciencv of small steam engines may be as 
low as 10 per cent. 

rPhus for small power requirements, 
^ when one needs merely a few kilo¬ 
watts of electricity, thermoelectric gen¬ 
erators can compete with steam engines. 
For very low power requirements {as in 
radio, telegraph and telephone commu¬ 
nications) thermoelectric generators pro¬ 
vide the best engineering solution. And 
we must remember also that an efficiency 
of 10 per cent is not the limit for thermo¬ 
electric generators. The efficiency will 
increase significantly if one is able to go 
on to higher temperatures. If the tem¬ 
perature of the hot end could be raised 
to 600 degrees centigrade* for instance, 
the efficiency would go up to 18 per cent. 

Even at their present efficiencies* 
however, thermoelectric generators are 
rendering effective practical service at 
many places that otherwise would be de¬ 
prived of electric power. The thermo¬ 
electric generator shown in the illustra¬ 
tion at left below obtains from the heat 
of an ordinary kerosene lamp enough 
electrical energy to power a radio re¬ 
ceiving-set. Such thermoelectric lamps 
are being produced by tens of thousands 
in the U.S.S.R. and are in wide use. 

Imagine someone living in the far 
north of our country, to whose dwelling 
such a lamp is brought. Although the 
snows and the tundra separate him from 
the rest of humanity, he is suddenly able 
to use a radio to hear the news of the 
day and music, and to learn about the 
life of his country. At our laboratory in 
Leningrad we receive moving letters 
from such hermits. 

On the agricultural lands of the 
U.S.S.R. separate groups of farmers 
often work far apart. They are able to 
communicate with the farm headquar¬ 
ters by means of radio transmitters 
whose range is 30 miles or more. Such 
radio stations are supplied with electrical 
energy by thermoelectric generators 
which develop about 15 watts when 
heated by a kerosene stove. In isolated 
communities stoves heated by wood or 



N-TYPE SEMICONDUCTOR is a crystalline material composed of an element like ger¬ 
manium (groy balls) which has tightly bound electrons (small gray balls)^ plus an '‘im* 
purity** element {black balls) which has loosely bound electrons that are free to conduct 
electricity. The free electrons are shown moving toward the right in the direction of the 
potential gradient. Positive ‘‘holes** (colored circUs) vacated by electrons are stationary. 



p.TYPE SEMICONDUCTOR material contains an impurity element i black balls) with 
fewer electrons than it needs to satisfy the bonds to its neighboring atoms in the crystal. 
Electrons from the neighboring atoms move in to satisfy the deficiency, leaving po:«hive 
holes, which are in turn filled by other electrons. Thus the holes can wander through the 
crystal. Under an applied voltage their direction of motion is opposite that of electrons. 
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some other local fuel can be used to gen* 
crate from a few hundred watts to a full 
kilowatt for illumination or communica¬ 
tion. At an output of one kilowatt this 
generator uses only 5 per cent of the 
heat supplied; the remaining 20 kilo¬ 
watts or more of heat can be used to 
warm the pens of livestock. 

And how much heal is expended use¬ 
lessly! All heat engines give up more 
than half of their heat to the air, and 
this at temperatures at which thermo¬ 
electric generators could supply signifi¬ 
cant amounts of additional electrical 
energ)'. Let us recall, for instance, how 
hot the exhaust pipes of automobiles are. 
Anyone who lives in the modem techno- 
logical world and is not without imagina¬ 
tion can think of dozens of applications 
for semiconductor thermoelectric gen¬ 
erators. 

Of course our greatest source of heat 
now going to waste is the sun itself. 
Each square meter exposed to the sun 
receives power at the rate of about a 
kilowatt. Over the entire earth this adds 
up to about 100.000 billion kilowatts, a 
million times more than all of the elec¬ 
trical power produced throughout the 
world. In just a few days the sun sup¬ 
plies as much energy as can be recov¬ 
ered from all known C‘oal and oil re¬ 


serves. accumulated over billions of 
years. The plants responsible for this 
accumulation transform less than 1 per 
cent of the energy' received from the sun 
into chemical reserves. 

Solar energy indeed has its weak 
points. With 5 per cent efficiency, a 
million-kilowatt power plant would re- 
(juire an area of 10 square miles and 
would function only on sunny days and 
during daylight. The area necessary, 
however, is not a significant point; more 
important are the capital and mainte¬ 
nance costs. If a solar generator costs 
much more per kilowatt than a steam or 
hydroelectric plant, then solar genera¬ 
tion of electricity is unprofitable. So far 
solar power plants, designed around con¬ 
ventional steam svstems or around the 

0 

most advanced solar batteries, have 
proved too e.xpensive even on paper. 

Out let us now consider thermoelectric 
solar generators. Calculations and 
preliminarx' experiments indicate that 
small thermoelectric units are entirely 
feasible, even allowing for the cost of 
the large steerable mirrors necessary' to 
concentrate the sunlight. Such units 
could be used to pump water from un¬ 
derground wells and irrigate desert land. 
This j>ossibilit\ strongly commends it¬ 


self: irrigated deserts are the world's best 
gardens. It is still difficult to say any¬ 
thing about large thermoelectric solar 
plants. Yet one should never forget that 
a region with dimensions of the order 
of 100 kilometers could provide enough 
electric power for the whole earth. Per¬ 
haps thermoelectric cells will yet find 
their place in both the small- and large- 
scale exploitation of solar energy. 

It must be pointed out. however, that 
the thermoelectric generation of elec- 
tricitv still faces many technical difficul- 
ties. The high temperatures necessary' 
for good efficiency are harmful to semi¬ 
conductor materials; oxidation reduces 
their thermoelectric (juality and heat 
stresses tend to cause cracks. Low-tem¬ 
perature thermoelectric generators can 
be discussed with more confidence. A 
generator which we constructed 10 years 
ago. and which has been operated at 
room temperatures or lower, still has its 
original properties. 

The transformation ol heat into clec- 
tricitv is. of course, only half the story' 
of the thermoelectric cell. It can trans¬ 
form energy the other way and, in doing 
so. serve the opposed functions of heat¬ 
ing or cooling. To see how it does that, 
let us look again at the illustration on 
page 173. There, with the cell acting as 



THFKMOKI K(THIC TK( MNOLO<;\ IN IV^s.R. has proilurcil 
ihf on tuo p.iRr'. The kcr<>#.cn«**lani|i fliinir>c> 


.nl Irfi thr Sccbcck rfTeci to grncralc cnoujsh electric cur* 

ronl lo posscr a r.idio. Thr ihrrc tifviccs right employ the Peltier 
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a generator, the hot junction receives 
heat, while the cold gives off part of 
this heat. The remaining heat is con* 
verted to the electrical energy which 
produces the current flowing around the 
cetL What Peltier discovered is that the 
current which flows across the hot junc¬ 
tion extracts heat from it and transfers 
this heat to the cold junction. 

Now if we supply electrical energy 
instead of heat to the circuit and cause 
a current to flow through it, this current 
will necessarily extract heat from the hot 
junction and liberate heat at the cold 
junction. Thus the electric current will 
cool one junction and heat the other. 
This is the operating principle of ther¬ 
moelectric refrigerators and heaters. 

The thermoelectric refrigerators de¬ 
veloped in our laboratories for domestic 
use have an efRciency approaching that 
of the more complicated and expensive 
refrigerators currently in use. Some of 
the conventional units use less electrical 
energy, but this is not particularly im¬ 
portant, since the energy expended is 
not great. The cost of thermoelectric 
cells, moreover, runs considerably below 
the cost of electric motors and com¬ 
pressors. 

The cost of the cell, however, is not 
the whole story. A bigger item of ex¬ 


pense is the heat-exchange system need¬ 
ed to remove the heat from the refrig¬ 
erator. In addition, since thermoelectric 
cells operate on direct current, a recti¬ 
fier must be used where power is sup¬ 
plied by alternating current. As yet it is 
hard to predict what thermoelectric re¬ 
frigerators for the home Nvill cost when 
they are mass-produced. The prospects 
are, however, very hopeful. 

When it comes to large-scale refrig¬ 
eration, as in the food industry, the ther¬ 
moelectric cell does not compete suc¬ 
cessfully with mechanical systems. Here 
the amount of energy consiuned is far 
from immaterial, and modem machines 
use it with greater efficiency than any 
thermoelectric cell so far developed or 
in prospect. We must therefore assume 
that the applications of thermoelectricity 
to refrigeration will be restricted to those 
cases in which it is more important to 
avoid complex machinery than to keep 
down the amount of electrical energy 
expended. 

T here are many such cases. Although 
it is easy to obtain heat from an elec¬ 
tric current, to use it for cooling has 
always required electric motors and 
compressors. But where is this bulky 
gear to be placed if, for instance, one 


would like to be able to vary the tem¬ 
perature of an object observed under a 
microscope? A small microscope stage 
provided with thermoelectric refrigerat¬ 
ing cells requires only a few watts to 
lower the temperature of the specimen 
down to 50 degrees below zero centi¬ 
grade, or, by changing the direction of 
the current, to raise it to 80 degrees 
^bove. This provides the biologist and 
the chemist with a much-needed facility. 
Another useful device is a rod that is 
cooled or heated by thermoelectric cells. 
As soon as a current is passed through 
it, frost appears on its surface, and in 
a minute or two the temperature drops 
to 30 degrees below zero. This rod can 
be used to cool any object, such as the 
skin of an animal or the air in a small 
box. Changing the direction of current 
quickly heats the rod, and water boils 
on its surface. If something has to be 
heated or cooled, it cannot be done more 
conveniently than by this device. The 
stronger the current, the greater the 
temperature change in both cases. 
Moreover, the temperature is subject to 
precise control, to within .001 degree. 

We now have about 30 thermoelectric 
devices for various purposes, and they 
are all useful. It is hardly worth enumer¬ 
ating them. Rather I would cal) on the 



cffeel for refrixeralion. The doraeiiic refrigerator teeond from left 
it the prototype of a maM-produclion unit. Third from left it a 


eonblanHemperalure container for tran^po^ting biological tpeci* 
roent; at right if a microtome with a refrigerated tpecimcn*hoUler. 
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ingcnuUy of the reader; he will un¬ 
doubtedly be able to think up 30 other 
applications! 

I nstead, I should like to direct the read¬ 
er's attention to still another aspect 
of the matter: namely, heating by means 
of thermoelectricity. What occurs is at 
first glance unexpected- In order to heat 
a room with an ordinary electric heater 
at the rate of a kilowatt, the heater must 
also use up electrical energy at the rate 
of a kilowatt. But if thermoelectric cells 
are used for this purpose, the expendi¬ 
ture of half a kilowatt or le-ss will yield 
the same result! 

One might think that thermoelectric 
cells shake the verv foundation of sci- 
ence: the law of conservation of energy. 
But of course this is not so. 

This extra heat supplied to the room 
is not created from nothing, but is trans¬ 
ferred from a colder source, such as from 
the water supply. The thermoelectric 
cell, acting as a "heat pump,’* removes 
heat from the water, and transfers this 
heat to the room together with the heat 
supplied by the current. Even though 
the heat resenoir mav be at a low tern- 
per.iture, its heat can be delivered at a 
higher temperature by means of thermo¬ 
electric cells, The less the temperature 
difference between the reservoir from 
which the heal is removed and the warm 
one to which it is supplied, the less elec¬ 
trical cnerg)' is needed. W a tempera¬ 
ture difference of 10 degrees our thermo¬ 
electric ceils can transfer heal with an 
expenditure of one fifth of a kilowatt for 
every kilowatt delivered; at a tempera¬ 
ture difference of 20 degrees the energy 
expended goes up to one third of a kilo¬ 
watt, and at 30 degrees to one half a 
kilowatt. Mechanical heal pumps used 
for tills purpose have always been ex- 
tu^rnely complicated. 

/ this note we shall cease eiininerat- 
' ' mg die devices which have already 
\m n th vcloped and which mav \et be 
developed from semicr)ndu(tor Ihermo- 
eh'etfic cells. 

If in disappointment lh<* reader savs, 
’A\'li\ nothing has set l)c<*n done,” 
let liirn remember tliat tlie pace ol 
modern ide.is is ('onstantiv acxelerat* 
lilt: As'j.itiori .ind radu* have grown 
rapidlv md moved for%\,ird brisklv , ('in 
cm.I and tclevisio'o h.ive nnloMed *’ven 
more ipncklv. 

Nov' thertnoek'tricitv is unfolding 
liefore our ev* s. It is oiiK' in the la%t 
tssf) (if (hr<< >'(Mis til.it this Held 
l>vru opened. Let us se.- sshal will hap* 
j)en in the next three to hve \ ears’ 




THF.RMOEl ECTRK TF( IlNOLOGY IN U. S. ba^ produced these prototypes of products 
rorimtl) pu1ihfiz<'J by We>tinfrbou»e Electric Corporation. Clock-controlled botlle-wonner 
I niicl ronlcr 1 nt top nnil cart at bottom use Peltier effect for refrigeration and heating. 
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EXPERIMENTS IN COLOR VISION 


by Edwin H. Land 


The eye has recently been found to be an instrument of wonderful 
and unsuspected versatility. It can perceive full color in images 
which, according to classical theories, should be monochromatic. 


F rom childhood onward we enjoy 
the richness of color in the world 
around us. fascinated by the (jues- 
tioiis: "How do we see color? How do 
you know you see the same color I do? 
Whv do colors sometimes mix to give 
ejuite different colors?*’ Since 1660, 
when Isaac Newton discovered the 
properties of the visible spectrum, wc 
have slowly been learning the answers; 
and wc arc finding that the beauty of the 
outer world is fully matched by the tech¬ 
nical beauty of the mechanisms whereby 
the eve secs color. 

No student of color vision can fail to 
be awed bv the sensitive discernment 
with which the eye responds to the vari* 
etv of stimuli it receives. Recently mv 

# 4 

colleagues and I have learned that this 
nieohanism is far more wonderful than 
had been thought. The eye makes dis¬ 
tinctions of ama/.ing subtlety. It does not 
nec'rl nearly .so much information as ac* 

4 

tiiallv flows to it from the evervdav 

. 4 9 

world. It can btiild colored worlds of its 
own nut of informative materials tliat 
have always been supposed to he inlier- 
entK drab and cxilorless. 

9 

Perhaps tin* l)est wav to begin the 
story IS to consider two sets of experi¬ 
ments. The first is the great original 
work of Newton, which set the st.age for 
virtnallv all research in C'olor vision since 
that time. The second is an apparently 
trivial modification that reverses some of 
his basic cxmclusifins. 

As IS so o(t< n the case w ith fnilv revo- 
ln( ionars' insiglits. the simplicity of 
Newton's disc-o\er\ causes one to won- 
<lcr wdiv no one hefcjre him had made it. 
He passed a narrow lieani of sunlight 
tlirough a prism aiul found that it fanned 
out iiit(» tla* hand of (olois \U‘ know as 
the visible sjieclTiim. re<]. orange, vel- 
hnv, gf('eti, blue, indigo and \ lolet 
W'lien he reversed the [iiocess, gatlauing 


the beam together with a second prism, 
the colors vanished and white light re- 
appeared. Next he tried recombining 
only parts of the spectrum, inserting a 
slotted board to cut oS all but certain 
selected bands [see diagram on page 
184]. NVhen he combined two bands 
of color, letting the rays mix on a screen, 
a third color appeared, generally one 
matching a color lying between the 
bands in the spectrum. 

Let us repeat this last experiment, 
placing the openings in the board just 
inside the ends of the nanow yellow 
band in the spectrum. When these two 
yellow iKMms strike the screen, they 
combine, as Newton observed, to pro- 
duc'c yellow. 

Now* for our modification. In front 
of the slits wc place a pair of black- 
and-wliite photographic transparencies. 
Each shows the same scene: a collection 
of V arionsiy ctilored objects. There is, of 
c'oursc, no color in the photographs. 
TIutc are simply lighter and darker 
areas, formed bv black silver grains on 
transparent c'cliuloid. A glance at the 
two shows that they are not absolutely 
identical. Some of the objects in the 
scx*nc are represented by areas which arc 
lighter in the first photograph than in the 
secoml. Others are darker in the first and 
lighter in the second. But all that cither 
pluitograph can do is to pass more or less 
of the light falling on its different re¬ 
gions. 

The yellow' beams pass through these 
transparencies and fall on the screen. 
Bn I now they are not vcilow'! Somehow*, 
when the) arc combined in an image, 
tliey are no longer restricted to pro- 
ilncmg their spectr»il color. On the 
sciecn we see a grouj) of objects whose 
CNilors. thougli pale and unsaturated, are 
dislmcth fed. gray, yellow, orange, 
green, blue, black, blown and white [sec 


bottom photograph on page 182], In 
this experiment we are forced to the 
astonishing conclusion that the rays are 
not in themselves color-maldng. Rather 
they are bearers of information that the 
eye uses to assign appropriate colors to 
various objects in an image. 

The Old Theory 

This conclusion is diametrically op¬ 
posed to the main line of development 
of color theoTy\ which flows from New¬ 
ton s experiments. He and his successors, 
notably Thomas Young. James Clerk 
Maxwell and Hermann von Helmholtz, 
were fascinated by the problem of sim¬ 
ple colors and the sensations that could 
be produced by compounding them. 
Newlon himself developed quite good 
rules for predicting the colors that would 
be seen when various spectral rays were 
mixed to form a spot of light on a screen. 
These rules can be summarized in geo¬ 
metrical diagrams, one of the oldest of 
which is the color triangle [see diagram 
at top of page ]92]. On new versions 
of it we can read off the result of com- 


COLORED OBJECTS in the top picture on 
the opposite psfir were photographed with 
the special duul camera which appears at 
left. Here the two ground-glass screens of 
the camera are left uncovered to show that 
one image is photographed through a green 
filter and the other through a red filter. 
The ini.iges art* photographed on ordinary 
black-and-white film; then black-and-white 
positive transparencies are made from 
the negatives. In the bottom photograph 
the ^*rt*d" transparency is projected through 
a red filter and the '*green*' without a 
filter. When the two images are super¬ 
imposed on the screen at right, they repro¬ 
duce the objects m a full range of color. 
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LONG AND SHORT RE(«ORDS are provided hy tnmsiKirencies of ihenc bl(irk‘4tid*\«hile 
phonographs made through a red filter Hop) and a green filter ihottomi. In projection thr 
long record (lop) is illumanated by the longer of Iho wjvelcnglh> or band? of wavelengths 
and the short record is illuminated by the shorter wavelength or band of wavelengths. 


bining so many parts of color A with so 
many of color B. 

Once it was discovered that light is a 
wave motion^ the classical investigations 
of color acquired a deeply satisfying 
logical basis. The order of colors in the 
spectrum follows wavelength, the long¬ 
est visible wavelength falling at the red 
end of the spectrum and the shortest at 
the violet end. A pure color would be a 
single wavelength; compound colors 
would be mixtures of pure colors. 

In trying to match colors by mixing 
spectral stimuli Maxwell and Helmholtz 
found that three different wavelengths 
were enough to effect all matches, and 
that those wavelengths had to be chosen 
from the red, green and blue bands of 
the spectrum. Accordingly red, green 
and blue came to be called the primary 
colors. On the basis of this evidence they 
proposed a three-c’olor theor>' of color 
vision. We need not go into the detaib 
here. The central idea is that the eye 
responds to three different kinds of vi¬ 
bration, and that all color sensation is the 
result of stimulating the three responses 
in varying degrees of strength. Thus it 
has become an article of faith in stand¬ 
ard theory that the color seen at any 
point in a field of view depends on what 
wavelengths are issuing from that point 
and upon their relative strengths or in¬ 
tensities. 

Now, as we have seen in our modiff- 
cation of Newton's experiment, the light 
at any point on the screen was composed 
of only two ""yellow*" wavelengths, yet 
the image was fully colored. And, as we 
shall see later, the colors in images will 
be remarkably stable even when the 
over-all relative strengths or intensities 
of the two wavelengths are varied. 

Natural Images 

Is something “wrong" with classical 
theory? This long line of great investi¬ 
gators cannot have been mistaken. The 
answer U that their work had very little 


COLORS SEEN when long and ihorl rec¬ 
ord! are illuminaled by clo»ely spaced nar¬ 
row bands of wavelengths are reproduced 
in these **Fl«*icbrome*’ photographs. The 
illnminating wavelengths ore indicated by 
arrows on the spectrum under each photo¬ 
graph. These images could not be photo¬ 
graphed directly; the response of color film 
to ihe limited range of wavelengths used 
here is very different from that of the 
eye. ScjENTinc Amehjcan has artificially re¬ 
produced the colors seen by the eye by 
adjusting the color in a Flexichrome print. 


to do with color as we normally sec it. 
They dealt with spots of light, and par¬ 
ticularly with pairs of spots, trying to 
match one to another. The conclusions 
they reached were then tacitly assumed 
to apply to all of color sensation. Tliis 
assumption runs ver>' deep, and has per¬ 
meated all our teaching, except for that 
of a few investigators like E. Hering, C. 
Hess and the contemporary workers 
Dorothea Jameson and Leo M. Hurvich 
(who have studied the effect producc*d 
on a colored spot by a colored surround). 

The study of color vision under nat¬ 
ural conditions in complete images (as 
opposed to spots in surrounds) is thus 
an unexplored territory. We have been 
working in this territory-the natural- 
image situation, as we call it-for the 
past five years. In the rest of this article 
1 shall describe some of (he surprises we 
have encountered. 

To form the image in our modification 
of Newton's experiment we needed two 
sets of elements: a pair of different pho¬ 


tographs of the same serene, and a pair 
of different wavelengths for illtunin.iting 
them. It is possible to mak<‘ the pietun s 
different In tinkering in the l.d>oiat<jr\. 
arbitrarily varying the darkness of their 
different areas. Hut, as e\erv |>hotogra- 
plier will ha\e reeiignized at this point, 
a simple way to pnxluce the isso pictures 
is to make “cxilor separations", th.it is. fo 
photogiaph the scene througli iwo filters 
that pass different bands of ssaselengths, 
In this way the film is sy.stematieall\ ex¬ 
posed to longer wavelengths eoniing 
from the scene in one case, aiul to short¬ 
er wavelengths in the other In our in¬ 
vestigations wc usually use a red filter 
for the longei wavelength.s and a gie<*n 
filter for the shorter. 

Now wlien we illuminate the trans¬ 
parencies with practkalK anv [>air of 
wavelengths and su])erijnpose the im¬ 
ages, we obtain a colored image. If we 
send the longer of tlie two through the 
long-wave photograph and tlie shorter 
tlirough the short-wave photograph, we 
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obtain most or all of the colors in the 
original scene and in their proper places. 
If wc reverse the process, the colors re* 
verse, reds sho\> ing up as blue-greens 
and so on. 

Long Wavelengths v. Short 

It appears, therefore, that colors in 
images arise not from the choice of 
wavelength but from the interplay of 
longer and shorter wavelengths over the 
entire scene. Let us now test this pre- 
liminai^' hypothesis by some further ex¬ 
periments. 

There are several more convenient 
ways to c-ombine images than in the ar¬ 
rangement of Newton s experiment. One 
of the simplest is to place the transpar¬ 
encies in two ordinar)' projectors, using 
filters to determine the illuminating 
wavelcTigrt^s. The color photographs on 
pages 181 and 182 show images formed 
in this way. 

When we work with filters, we are not 
using single wavelengths, but rather 
bands of wavelengths; the bands have 
more or less width depending on the 
characteristic's of each filter It turns out 


that the width of the band makes little 
difference. The only re<juirement is that 
the long-wavelength photograph, or, as 
we call it, the “long record,'* should be 
illuminated by the longer band and the 
“short record*’ b\' the shorter band. In- 
deed, one of the bands may be ns wide 
as the entire visible spectrum. In other 
words, it may be white light. The pho¬ 
tograph on page 182, and the lower pho¬ 
tograph on page 181, show the result of 
using a red filter for the long record and 
no filter (that is, white light) for the 
short record. 

One advantage of this arrangement is 
that an observer can test the truth of 
our h)'pothesis in a simple and dramatic 
way. According to classical ihcor}' the 
combination of red and white can result 
in nothing but pink. With no photograph 
in either projector, and with a red filter 
held in front of one of them, the screen 
is indeed pink. Now the transparencies 
are dropped into place and the view 
changes instantly to one of full, vivid 
color. If the red filter is taken away, the 
color disappears and we sec a black-and- 
white picture. When the filter is pul 
back, the colors spring forth again. 


An incidental advantage in using red 
for the long record and white for the 
short lies in the fact that the colors pro¬ 
duced look about the same to color film 
as they do to the eye. Thus the image 
can be photographed directly. With 
more restricted bands of wavelengths 
the film, which does not have the new¬ 
found versatility of the eye, cannot re¬ 
spond as the eye does, and reproductions 
must be prepared artificially [see photo¬ 
graphs on page 182]. 

The projectors afford a simple way of 
testing another variable: brightness. By 
placing polarizing fillers in front of the 
projector’s lenses we can vary the 
amount of light reaching the screen from 
each source. With no transparencies in 
the projector, but with the red filler still 
over one lens, the screen displays a full 
range of pinks, from red to white, as the 
strengths of the two beams are changed. 
When the photographs are in place, the 
colors of the image on the screen hold 
fast over a very considerable range of 
relative intensities. 

Lot us pause for a moment to consider 
the implications of this last demonstra¬ 
tion. Remember that the photographs 
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are nothing but pieces of celluloid treat¬ 
ed to pass more light in some places than 
in others. All they can do to the red and 
white beams is to change relative inten¬ 
sities from point to point. In doing so 
they stimulate a complete gamut of col¬ 
or. Yet when we vary the relative inten¬ 
sities of the beams over the whole field 
of view, the colors stay constant. Evi¬ 
dently, even though the eye needs dif¬ 
ferent brightness ratios, distributed over 
various parts of the image, to perceive 
color, the ratios that the eye is interested 
in are not simple arithmetic ones. Some¬ 
how they involve the entire field of view. 
Just how they involve it we shall see a 
little later. 

The dual-projector system is conven¬ 
ient, but it is not a precision instrument 
The wavelengths it can provide are 
limited by the characteristics of avail¬ 
able filters. Narrow band-width filters 
may be used, but they seriously restrict 
the quantity of light. My colleague 
David Grey has therefore designed for 
me a dual image-illuminating mono¬ 
chromator [see illustration on page 
190]. This instnunent contains a pair of 
spectroscopes which allow us to light 
our transparencies with bands as narrow 
as we choose and of precisely known 
wavelength. By blocking off the spec¬ 
troscopes and using filters, we can also 
obtain white light or broad bands. The 
two images are combined by means of a 
small, semitransparent mirror; light 
from one record passes through the mir¬ 
ror, and light from the other is reflected 
from its top surface. The intensity of 
each light source can be closely con¬ 
trolled. 

With the dual monochromator we 
have confirmed our broad hypothesis: 
Color in natural images depends on a 
varying balance between longer and 
shorter wavelengths over the visual field. 
Wc have also been able to mark out the 
limits within which color vision operates. 
It turns out that there must be a certain 
minimum separation between the long- 
record wavelength and the short. This 
minimum is different for different parts 
of the spectrum. Any pair of wave¬ 
lengths that are far enough apart (and 
the minimum distance is astonishingly 
small) will produce grays and white, as 
well as a gamut of colors extending well 
beyond that expected classically from 
the stimulating wavelengths. Many com¬ 
binations of wavelengths produce the 
full gamut of spectra! colors, plus the 
nonspectral color sensations such as 
brown and purple. All this information 
has been summarized in a color map 
showing the limitations on the sensations 
produced by different pairs of wave- 
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PIGMENTS IN OUR WORLD have hroad refleclion characleri»liC8. Each pigmenl reflect* 
some cncrpy from wavelengths across the visible spectrum (400 to 700 millimicron*). 




WAVELENGTH IMIUIMICRONS) 
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uould give full color in siirli a world. Loner curves rcprescnl the same curves stretched out 
so that the 57()>S90 hand rovers the same width as the 100*700 band of the visible spectrum. 


lengths I^ee iUusiration at bottom of pre¬ 
ceding page]. We have also investigated 
the limits on relative brightness. With 
some pairs the colors are maintained 
over enormous ranges of brightness; 
with others they begin to break down 
with smaller changes. Again, the result 
depends on the wavelengths we are 
using. A table showing the stability of 
various colors for a sample pair of wave¬ 
lengths appears on page 19 L 

A New Coordinate System 

The color map tells us what we will 
not see when wc combine a pair of im¬ 
ages at various wavelengths. Can we 
now make a positive prediction? Given a 
pair of records of the same scene, and 
a pair of wave bands with which to il¬ 
luminate them, what color will appear 
at each specific point on the combined 
image? In other words, we want a set 
of rules that will do for images what the 
color triangle does for color-matching 
experiments (and what most of us have 
mistakenly supposed it does for images 
as well). 

Wc have formed a new coordinate 
syslem that docs for the first time predict 
the colors that will be seen in natural 
images. Perhaps the best way to ap¬ 
proach it is tivough an actual experi¬ 
ment. Let us set up the dual projector 
(or the monochromator) for any pair of 
''long * and "short” bands, say and 
white, that can produce full color. We 
know that local variations in the rela¬ 
tive brightness of the two records must 
somehow give rise to the color. Yet we 
have also found that changing all the 
brightness ratios in a systematic way, for 
example by cutting down the total light 
from ihe red projector, has no effect. 
Therefore we look for a way of describ¬ 
ing the brightness in terms that are in¬ 
dependent of the total light available in 
cither image. 

This can be done as follows: We turn 
on the “long” projector alone, setting its 
brightness at any level. Now we find the 
spot on the red image corresponding to 
the point at which the long black-and- 
white record lets through the most light 
We measure the intensity at that point 
and call it 100 per cent. It tells us the 
maximum available energy for the long 
waves. Next we measure the intensity of 
the light all over the rest of the red im¬ 
age, marking down for each point the 
red intensity as a per cent of the maxi¬ 
mum available. Then wc turn off the 
“long** projector, turn on the "short” one 
and follow the same procedure for the 
short wavelengths (in this case the full 
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spectral band). Now we draw up a two- 
dimensional graph [top of page i85]» 
plotting the percentage o^ available long 
wavelengths on one axis and the per¬ 
centage of available short wavelengths 
on the other. Every point on the image 
can be located somewhere on this graph. 
Each time we plot a point, we note next 
to it the color it had on the image. 

What emerges is a map of points, each 
associated with a color. When it is Rn- 
ished, we can see that the map is divided 
into two sections by the AS^egtee line 
running from lower left to upper right. 
Tl)is is the line of gray points. If we had 
put the same transparency in each pro¬ 
jector, all the points would fall on the 
gray line, since the percentage of avail¬ 


able light would be the same at every 
point on the image for both projectors. 
The other colors arrange themselves in 
a systematic way about the 45-degree 
line. Warm colors are above it; cool col¬ 
ors are below. Thus it seems that the im¬ 
portant visual scale is not the Newtonian 
spectrum. For all its beauty the spec¬ 
trum is simply the accidental conse¬ 
quence of arranging stimuli in order of 
wavelength. The significant scale for 
images runs from warm colors through 
neutral colors to cool colors. 

Repeating our experiment with differ¬ 
ent illuminating wavelengths or bands, 
we find that for every pair that produces 
full color the position of the colors on 
the coordinate graph remains the same. 


Thus we have the rule we were looking 
for, a rule that tells us in advance what 
color we shall find at any point in an 
image. We can take any pair of trans¬ 
parencies and measure their percentage 
of transmission in various regions of the 
picture. Then, before projecting them, 
we can predict the colors these areas 
will have. We will be right provided 
that the illuminating wavelctigths arc 
capable of stimulating all the colors. In 
cases where they are not. we must 
change the t'oordinate map accordingly. 
Thus the full set of rules consists of a 
group of coordinate color plots, one for 
each section of the color map at the bot¬ 
tom of page 185. 

Note that each coordinate svstem is 
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itself dimensionless. The axes do not 
measure wavelength, brightness or any 
other physical unit. They express a ratio 
of intensities at a single wavelength or 
for a broad band of wavelengths. The 
axes have another interesting properly; 
they arc stretchable. Suppose we super¬ 
impose two identical long-wavelength 
photographs in the slide holder of the 
“long*’ projector and leave a single short- 
wavelength photograph in the holder of 
the "'short” projector. We find that this 
combination still does not alter the col¬ 
ors on the screen. What sort of change 
have we made? Every point in the long 
record that transmitted 1/2 of the avail¬ 
able light now transmits 1/4, points that 
transmitted 1/5 now transmit 1/25 and 
so on. On the logarithmic scale of our 
graph this corresponds to stretching the 
long-record axis to twice its former 
length. The 45-degree line now shifts to 
a new direction, but all the color points 
shift with it, maintaining their relative 
positions [see diagram on opposite 


Randomness 

Our studies of the coordinate graph 
have uncovered another interesting and 
subtle relationship. As wc plotted graphs 
for various experiments we began to sus¬ 
pect that any arrangement which yield¬ 
ed points falling on a straight line, or 
even on a simple smooth curve, would 
bo colorless. To test this idea we tried 
putting a negative photograph in one 
projector and a positive of that negative 
in the other. Such a pair of images will 
plot as a straight line running al right 
angles to the 45-degree gray line. The 
image is indeed virtually colorless, show¬ 
ing only the two “colors” of the stimuli 
involved in projection and a trace of 
their Newtonian mixture. 

If an image is to be fully colored, its 
coordinate graph must contain jwints 
distributed lwo-<limensionally over a 
considerable area. But even this is not 
enough- The points must fall on the 
graph in a somewhat random manner, 
as tliey do in the plot of any natural 
scene. Tins requirement can \yc demon¬ 
strated in a ver)' striking experiment. 
Suppose wc pul a “wedge” filter in the 
slide holder of the red projector. The 
effect of the filter is to change the in¬ 
tensity of the beam cxmtinuously from 
left to right. That is, when the red pro¬ 
jector is on and the white projector off, 
the left side of the screen is red and the 
right side is (lark, with gradations in be¬ 
tween. Now we place a similar wedge, 
but vertically, in the while projector so 
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that the top of the screen is white and 
the bottom is dark. With both projectors 
turned on we now have an infinite va¬ 
riety of red-to-white ratios on the 
screen, duplicating all those that could 
possibly occur in a colored image. How¬ 
ever, they are arranged in a strictly or¬ 
dered progression. There is no random¬ 
ness. And on the screen there is no color 
—only a graded pink wash. 

To repeat, then, the colors in a nat¬ 
ural image are determined by the rel¬ 
ative balance of long and short wave¬ 
lengths over the entire scene, assuming 
that the relationship changes in a some¬ 
what random way from point to point. 
Within broad limits, the actual values 
of the wavelengths make no difference, 
nor does the over-all available bright¬ 
ness of each. 

The independence of wavelength and 
color suggests that the eye is an amaz¬ 


ingly versatile instrument. Not only is it 
adapted to see color in the world of light 
in which it has actually evolved, but also 
it can respond with a full range of sensa¬ 
tion in much more limited worlds. A dra¬ 
matic proof of this is provided by an¬ 
other series of experiments. 

Color Worlds 

In these we use a pair of viewing 
boxes that superimpose fairly large 
images by means of semitransparent 
mirrors [see diagram at bottom of page 
i9i ]. Each box contains tungsten lamps, 
which produce white light, to illuminate 
one record and a sodium lamp to illu¬ 
minate the other. We turn on one view¬ 
er, inserting the long and short trans¬ 
parencies and placing a red filter over 
the tungsten lamp. The composite image 
is fully colored, containing greens and 


blues, although the shortest wavelength 
coming from the mirror lies in the yellow 
part of the spectrum. Now we turn on 
the second viewer, inserting a green fil¬ 
ter over the white light-source. Again 
the image contains a gamut of color, in¬ 
cluding red. The observer can see the 
images in both viewers at once—each 
showing the same range of color, but 
representing different visual worlds. In 
the first the sodium light (with a wave¬ 
length of 589 millimicrons) serves as the 
shortest available wavelength and helps 
to stimulate the green and blue. In the 
second it is the longest wavelength and 
stimulates red. If the observer stands 
back far enough from the viewer, he can 
also see the “naturaP colors in the room 
around him. Here then is a third world 
in which yellow is “really** yellow. 

Another way to use the green filter in 
the second sodium viewer is to hold it 
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up to the eye instead of placing it in 
front of the tungsten lamps. This filter 
passes both the sodium wavelength and 
the green band [see bottom graph on 
page idS]. When he looks around the 
room^ the observer sees red objects as 
black and the rest of the colors as 
washed-out green. But when he looks at 
the picture in the second viewing box, he 
sees it quite full of color, including red. 

The color worlds of the viewers are 
produced by pictures. Could we make 
physical models of these worlds, popu¬ 
lating them with real objects which 
would show the same colors as the 
images in the \iewers under the same 
conditions of illumination? We could if 
only we had the proper pigments. The 
pigments in the world around us are the 
best we have been able to find that look 
colored in our lighting: a spectrum of 
visible wavelengths from 400 to 700 
millimicrons. Each of these pigments re¬ 
flects a broad band of wavelengths, and 
its peak is not sharp [see diagram at top 
of page 186]. 

Thus our coloring materials do not 
distinguish clearly between wavelengths 
that arc fairly close together. If we could 
find pigments with much narrower re¬ 
sponse curves, we would suspect that 
these might provide full color in a more 
restricted world of light—a world, for 
example, lighted by the wavelengths 
that pass through the green filter. In the 
absence of such coloring materials, we 
might content ourselves with creating 
this world photographically, if we could 
show that this is possible. A moment's 
study of diagrams on page 186 will 
show the exciting fact that a two-color 
separation photograph in a world of any 
band-width is the same as a two-color 
photograph in a world of any other band- 
width-including our own, provided that 
we postulate that a correctly propor¬ 
tioned change in the absorption bands 
of the pigments goes along with a 
change in the band-width of the world. 
Therefore wc can use our regular long 
and short pictures, taken through the 
red and green filters, to transport our¬ 
selves into new worlds with their new 
and appropriately narrow pigments. 

The Visual Mechanism 

The sodium-viewer demonstration 
suggests an important consideration that 
wc have not previously mentioned, al¬ 
though it is implicit in what has already 
been said. If the eye perceives color by 
comparing longer and shorter wave¬ 
lengths, it must establish a balance point 
or fulcrum somewhere in between, so 
that all wavelengths on one side of it 
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are taken as long and all on the other 
side as short. From the evidence of the 
viewer we can see that the fulcrum must 
shift, making sodium light long in one 
case and short in the other. 

Where is the fulcrum in the ordinary, 
sunlit world? Experiments on a large 
number of subjects indicate that it is at 
a wavelength of 588 millimicrons. When 
we use this wavelength in one pait of 
the dual monochromator and white light 
in the other, the image is nearly color¬ 
less. With a wavelength shorter than 
588 millimicrons, white serves as the 
longer stimulus in producing color; with 


a wavelength longer than 588 millimi¬ 
crons, white becomes the short record. 

From the dual-image experiments we 
learn that what the eye needs to sec col¬ 
or is information about the long and 
short wavelengths in the scene it is view¬ 
ing. It makes little difference on what 
particular bands the messages come in. 
The situation is somewhat similar to that 
in broadcasting: The same information 
can be conveyed by any of a number of 
different stations, using different carrier 
frequencies. But a radio must be tuned 
to the right frequency. Our eyes are al¬ 
ways ready to receive at any frequency 
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COLOR TRIANGLE ot chnsitaX ihcory ia 
shown in on early athemalic form. Points 
of inleraection of lines represent colors ob* 
mined by miKin^ spectral wavelengths in 
amounts proportional to distances from 
sides of triangle. Central point U equal mix* 
ture of primaries and Is therefore white. 


in the visible spectrum. And they have 
the miraculous ability to distinguish the 
longer record from the shorter, whatever 
the frecjuencies and the band-widths. 
Somehow they establish a fulcrum and 
divide the incoming carrier waves into 
longs and shorts around that point. 

In our experiments we provide a sin¬ 
gle photograph averaging all the long 
wavelengths and a single photograph 
averaging all the short. What happens 
in the real world, where the eyes re¬ 
ceive a continuous band of wave¬ 
lengths? We are speculating about the 
possibility that these wavelengths regis¬ 
ter on the retina as a large number of 
individual color-separation "photo¬ 


graphs,^ far more than the three that 
Maxwell thought necessary and far more 
than the two that we have shown can 
do so well. The eye-brain computer es¬ 
tablishes a fulcrum wavelength; then it 
averages together all the photographs 
on the long side of the fulcrum and all 
those on the short side. The two aver¬ 
aged pictures are compared, as real pho¬ 
tographic images are compared in ac¬ 
cordance with our coordinate system. 

Finally I should like to make clear 
that, although our experiments deal with 
hvo photographs and our coordinate 
system is two-dimensional, we have not 
been describing a two-color theory of 
vision. When we use a band of wave¬ 
lengths for either or both of the records, 
we have light of many wavelengths com¬ 
ing from each point on the screen. And 
if classical three-color theory holds, it 
should describe the color of each of 
these points. This, as we have seen, it 
completely fails to do. It is true, how¬ 
ever, that our experiments deal with hvo 
packages of information. We have dem¬ 
onstrated that the eye can do almost ev¬ 
erything it needs to do with these two 
packages. The significance of what a 
third package will add is far from ob¬ 
vious. We are building a triple image- 
illuminating monochromator to find out. 

A third picture may provide better in¬ 
formation at the photographic level or 
an additional and useful interaction with 
the stimuli from two images. However, 
there is not a very big gap in the sensa¬ 


tion scale to be filled by the third pic¬ 
ture. In a given image a particular 
combination of two stimuli might not 
provide an electrically intense blue or a 
delicately yellowish green, but it is still 
likely to provide more than enough for 
the animal to live with. Nevertheless we 
do expect that the richness of many col¬ 
ors will be increased by the interplay of 
Q third stimulus. Whatever we learn by 
adding a third picture, the visual process 
will remain an amazing one from the 
evolutionary point of view. Why has a 
system that can work so well with two 
packages of information evolved to work 
better with three? And who knows 
whether it will not work better still with 
four, or five or more? 

What does the eye Itself do in the 
everyday world of the full spectrum? 
Does it make only two averages? Or 
does it put to better use the new ability 
we have discovered—the ability to dis¬ 
tinguish sharply between images at 
closely spaced wavelengths? Perhaps it 
creates many sets of averages instead of 
just hvo or three. 

Even if more than hvo information 
channels are used, we feel that the big 
jump is obviously from one to hvo. Most 
of the capability of our eyes comes into 
play here. And whatever may be added 
by more channels, the basic concept will 
remain. Color in the natural image de¬ 
pends on the random interplay of longer 
and shorter wavelengths over the total 
visual field. 
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WAVELENGTH AND COLOR arc independent of each other, 
except for the long-diort rclalioaship. This diagram shows the 
roles that various wavelengths can play. Those in the intcrv'al n 
I an serve only ns the short^rccord stimulus; those in h may be 
either long or short; those in c can only he long. If the wave¬ 
lengths in arc used as short-record stimuli, they will coinhinc 


with a longer wavelength to produce the full gamut of color. If 
they are used as long-recs>rd stimuli, they will produce a more 
limited range. Wavelengths in bt will produce full color, serving 
as the stimuli for cither the long record or for the short record. 
When both stimuli come from bebveen 405 and 520 milli-mic- 
rons, **short-svavc revetsaT* occur (tee color map on i92). 
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SUPERFLUIDITY 


by Eugene M. Lifshitz 


When liquid helium is cooled to 2.2 degrees above absolute zero, 
it flows without friction. A Soviet physicist describes how this 
strange fluid exhibits the quantum properties of individual atoms. 


T he history of physics is marked by 
breakthroughs into new, unex¬ 
pected worlds of discovery. One 
such event occuned just half a century 
ago» on July 10, 1908, the day Heike 
Kamerlingh Onnes of the University of 
Leiden succeeded in cooling helium gas 
down to the liquid state. His break¬ 
through into this low temperature re¬ 
gion, close to absolute zero, led to the 
discovery of two strange properties of 
matter, totally different from those fa¬ 
miliar to us at ordinary temperatures. 
Both of these properties involve the phe¬ 
nomenon of "frictionless* flow. One of 
them, soon discovered by Kamerlingh 
Onnes himself, is superconductivity, the 
frictionless flow of electrons and the 
consequent complete disappearance of 
a metal’s resistance to electric current 
(see "Superconductivilv,** by B. T. Mat¬ 
thias; Scientific Amewcan Offprint 
227). The other, not discovered until 
30 years later, is the superfluidity of 
li<iuid helium, the frictionless flow of 
entire atoms, demonstrated in the liq¬ 
uid’s ability to flow through the tiniest 
tubes or narrowest slits. Our understand¬ 
ing of this remarkable phenomenon is 
today almost complete. I have been 
asked bv the editors of Scientific 
Amebican to give a short surs cy of what 
has been learned al>out superfluiditv, 
first discovered in 1937 by Peter L. Ka- 
pilzn at the Institute for Physical Prob¬ 
lems in Moscow. 

Helium is the only substance which 
remains li<|uid under ordinary pressure 
at alxsolute z<‘ro; all others freczx? to the 
solid st<ite if sufficiently cooled. Now 
according to ordinary or "classical" con¬ 
cepts, at absolute zero all the atoms of a 
substance cease moving and occupy 
fixed positions within the body, tinis 
causing it to become solid. The fact that 
helium remains li(|uid is the first indi¬ 
cation tliat its properties can be under¬ 


stood only in terms of the entirely dif¬ 
ferent concepts of quantum mechanics. 

As students of physics know, quantum 
mechanics is the peculiar system of laws 
that governs the properties of matter on 
the microscopic scale -the world of indi¬ 
vidual atoms and molecules. But in the 
case of liquid helium we can see matter 
displaying ''quantum properties” on the 
macroscopic scale-that is, in its bulk or 
gross form, where we deal with an enor¬ 
mous number of atoms. We must pause 
to consider what this means. All gross 
matter possesses not only the ordinary 
properties with which we are familiar 


but also fundamental quantum proper¬ 
ties. At ordinary temperatures the ran¬ 
dom heal motion of atoms and molecules 
cloaks the quantum behavior of the in¬ 
dividual particles, and matter exhibits 
only its familiar properties; that is, it 
obeys the rules of ordinary classical 
mechanics. The quantum theory says 
that if we reduce a substance to extreme¬ 
ly low temperatures, so that its atoiuS* 
heat motions become very weak, the 
fundamental quantum properties of the 
substance should become observable. 
However, all substances except one so¬ 
lidify before the quantum properties 



EXPERIMENT BY PETER KAPITZA demonetral^d ihe ftuperfluidily of helium II in ill 
okiliiy lo Row through an oxtreroely narrow »lit between two highly polished glaM plates. 
^ ilh the slit narrowed to half a micron, the flow of helium II quickly equalited the levels in 
lube and reservoir, while the flow ol helium I through the slit was scarcely perceptible. 
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emerge. The single exception is helium: 
it succeeds in becoming a “quantum*’ 
substance before solidification. Once this 
has happened it need no longer solidify 
at all, since one of the principles of 
quantum mechanics is that the motion 
of atoms need not cease completely at 
absolute zero. Thus in liquid helium na¬ 
ture has made a “quantum liquid** avail¬ 
able to physicists for investigation. 

T_Jelium liquefies at 4.2 degrees Kelvin 
(4.2 degrees centigrade above ab* 
solute zero). Upon being cooled to 2.2 
degrees Kelvin^ helium, although re¬ 
maining liquid, undergoes another type 
of transition. It was first observed as an 
abrupt jump in the liquid’s specific heat 
(i.e., heat capacity). Because the graph 
showing this abrupt change has the 
shape of the inverted Creek letter lamb¬ 
da Isee chart at top of next page], the 
point of transition (2.2 degrees) became 
known as the “lambda point.'* Lujuid 
helium above this point was called he¬ 
lium I; liquid helium below it, helium 11. 
It is the latter which was found to be a 
liquid with uni(|uc properties. 

The first indication of these properties 
came in 1935 from the Kamerlingh 
Onnes laboratory. W. H. Kcesom and 
his sister Miss A. P. Keesom discovered 
that helium II is an extraordinary con¬ 
ductor of heat. Experimenting with a 


capillary tube filled with the substance, 
they found that heat traveled from one 
end of the tube to the other at an ex¬ 
tremely rapid rate. Helium II appeared 
to be a far better conductor of heat than 
the best of known conductors under or¬ 
dinary conditions: it conducted heat 
about 200 times faster than copper nor¬ 
mally does. (The Keesoms* discovery, 
incidentally, explained an odd feature of 
helium II's previously observed behav¬ 
ior: liquefied helium, absorbing heat 
from its container, bubbles like boiling 
water, but when the liquid is cooled to 
the lambda point, it suddenly becomes 
perfectly still. The reason now became 
plain: helium II conducts heat away 
from the walls of the container so rap¬ 
idly that no bubbles form at the walls, 
as they do in ordinary boiling. The liquid 
vaporizes only at its open surface.) 

It was an attempt to explain helium 
II’s remarkable conduction of heat that 
led Kapitza to discovery of its superfluid 
property. Why did heal travel so rap¬ 
idly through this material? Kapitza sus¬ 
pected that the swift transport of heat 
in helium II was due not to any excep¬ 
tional conductivity of the substance but 
to movement of the liquid itself, in olher 
words, to what are called convection 
currents. If this was so, helium II must 
be extraordinarily fluid; in the terms of 
physics, it must have an extremely low 


viscosity, meaning an extremely small 
internal frictional resistance to flow. The 
viscosity of a liquid is usually measured 
by letting it flow through a narrow cap¬ 
illary tube. In the present case, how¬ 
ever, such measurement was found to be 
impracticable and it was necessary to 
devise a special apparatus involving the 
flow of a larger amount of liquid than 
i$ passed by a narrow capillary. Kapitza 
achieved success by letting the liquid 
flow betNveen two polished glass disks 
forming a slit as narrow as half a micron 
(a fift\'-thou$andth of an inch). He 
found that whereas helium above the 
lambda point scarcely flowed through 
this slit at all, helium H passed through 
it very rapidly. In fact, he arrived at the 
amazing conclusion that the viscosity of 
helium !I was less than a ten-thousandth 
that of hydrogen gas! On the basis of his 
measurements Kapitza daringlv suggest¬ 
ed that helium II had no viscosity at all, 
and exhibited a new phenomenon which 
he called “superfluidit)'.'* 

I'\irectly related to the superfluidit)' of 
helium II is the remarkable phe¬ 
nomenon of the “creeping film." It had 
been noted long before that, if liquid 
helium is poured into a flask separated 
into two chambers by a partition, some¬ 
how the tNvo levels spontaneously man¬ 
age to equalize in course of time. John 



CREEPING FILM providei ftpeciacular demonMralion of ih« lu- 
perfluidity of helium IL Any liquid that wets a aurface formi a Aim. 
In the case of helium II, however, the film forms quickly and be¬ 
have* more or le«i ai a liphon along which the liquid flowi. At 


ihown here, it will flow into a fla*k lowered into a helium reservoir 
iUfi) or out of it (ctrUer) or out of a flask withdrawn from the 
helium bath (righrl to escape in the form of drops from iu bottom. 
The velocity of this creeping Aim may be a foot or more per second. 
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C. Daunt and Kurt Mendelssohn at the 
University of Oxford demonstrated by 
direct experiment that helium flows be- 
tween the containers by means of a film, 
some millionths of an inch thick, formed 
on their walls [see diagram on preceding 
page]. The liquid in the film may travel 
at a speed of more than a foot per sec¬ 
ond. The propensity to form a film is in 
ilselFnot a unique property of helium II. 
Such films are formed by any liquid 
which wets a solid surface, but the vis¬ 
cosity of an ordinary liquid is such that 
the film forms slowly and moves scarcely 
at all. Helium II is the only fluid which, 
owing to its superfluidity, forms a swiftly 
moving film. 

Investigation soon disclosed other 
paradoxical features of helium IFs be¬ 
havior which were difficult to explain. 
For one thing, experimenters at Leiden 
and at the University of Toronto found 
that, although in its flow through a nar¬ 
row slit it behaved as if its viscosity was 
zero, the liquid did show some viscosity, 
albeit small, in another experiment: 
when a cylinder or disk was rotated in 
the liquid, the fluid exerted a measur¬ 
able frictional resistance to the rotation 
LAMBDA POINT at 2.2 degreet Kelvin mark* the traniition of liquid helium from the fluid body. 

lo ihc »upcrfluid slate. At this point there is a sharp drop in heat capacity of the liquid. Kapitza observed a Still more puzzling 

phenomenon. It emerged in the course 
of some experiments on the transport of 
heat in helium 11. Seeking to demon¬ 
strate that heat was transported via 
movement of the liquid, he used a flask 
with a movable vane suspended in front 
of its opening, so that any outflow of 
liquid would deflect the vane. He filled 
the flask with liquid helium and im¬ 
mersed it in a helium bath. When he 
heated the liquid in the flask (by shin¬ 
ing light on a blackened absorbing sur¬ 
face in the flask), the vane was deflect¬ 
ed, showing that a stream of liquid was 
flowing out. This gave a clear proof that 
the flow of heat in helium II involved 
some sort of movement of the liquid. 
But Kapitza was stnick by a paradoxical 
fact. Although li(|uid flowed out of the 
flask, the flask remained full! 

How could these paradoxes be ex¬ 
plained? Here was a fluid which flowed 
us if it had no viscosity and yet shosved 
a definite viscosity in certain experi¬ 
ments; it was a fluid, furthermore, which 
flowed out of a flask upon heating, as 
indicated by the deflection of the vane, 
vet its flow did not empty the flaskl 

0 .5 1 1.5 2 2.5 ' In 1940-1941 an elaborate theory to 

explain superfluidity was advanced by 
TEMPERATURE (DEGREES KELVIN) D. Landau at Kapitza’s institute in 

Moscow. Some qualitative features of the 

VELOCITY OF SECOND SOUND in h«-lium II a.ccnd. al Umpcraiore. below 1 degree. theoretical picture were independently 
The velocity of ordinary »ound, at 240 metori por second, U hardly oflerted by lemperoture. predicted by Laszlo Tisza at the College 
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TEMPERATURE lOEGREES KELVIN) 

PHASE DIAGRAM of helinni ibowi iu traniition from iht ga»ooa» ibtUttc solid line ai 
right) 10 the floid Uo right of 6roA;en fine), Ihe luperfluid (fo Uft of broken line) and the 
•olid (above solid line as upper left) Btalea id relation to temperature and preuure. 


de France in Paris (he is now at the Mas* 
sachusetts Institute of Technology). 

The theory is quantum*mecbanica] in 
its nature, and it rests upon concepts in 
quantum mechanics wldch are under* 
standable only to a specialist in the sub¬ 
ject. But we can describe the remarkable 
picture of what takes place in helium II 
in fairly simple physic^ terms. We must 
bear in mind, however, that description 
in terms of everyday experience cannot 
really picture the quantum world, which 
is beyond our direct observation. 

Helium II, says Landau's theory, can 
undergo two motions simultaneously. 
This is, of course, a statement that defies 
common sense. In the case of an ordinary 
liquid, we are able to derive a complete 
description of its flow by measuring the 
distribution of velocities in one direction 
in a cross section of the stream. That is 
how engineers measure the flow of water 
in a canal. In the case of liquid helium, 
however, a complete description of its 
flow necessitates the knowledge of not 
one but two velocities at each point. 

^phis situation can be visualized by an 
^ analogy called the "rivo-fluid mod¬ 
el." It pictures helium II as composed 
of two liquids which can move inde¬ 
pendently ^'through" each other without 
any mutual drag. (In reality, of course, 
there is only one liquid; we must remem¬ 
ber that the "two*fluid model" is an 
analogy.) The two types of motion in 
helium 11 have entirely different proper¬ 
ties. One of the ^^components’* moves as 
if it had no viscosity; Landau called this 
the ^'superfluid component.” The other 
component moves like an ordinary vis¬ 
cous ]i(|uid and is called "normal." 

But this does not exhaust the differ¬ 
ences between the two kinds of motion 
in helium II. The most important one is 
that the normal component transports 
heat, whereas the superfluid motion is 
accompanied by no heat transfer what¬ 
soever. One can say, in a sense, that the 
normal component is the heat itself. 
Thus the heat acquires a sort of in¬ 
dependence in helium 11; it separates 
from the moss of the liquid and acquires 
ability to move relative to a "back¬ 
ground" which itself is at absolute zero. 
This is in radical contrast to the usual 
idea of heat as the chaotic motion of 
atoms, inseparable from the mass of a 
substance. 

These concepts make it possible to 
explain the strange results of some of 
the experiments with helium II. To be¬ 
gin with, we can account for the paradox 
that liquid helium shows no viscosity in 
its flow through a narrow slit but does 


display frictional effects on a rotating 
disk. In the first experiment it is the su- 
perfluid component that flows freely 
through the slit, whereas the viscous 
normal component is held back and leaks 
through very slowly; this experiment 
demonstrates the absence of viscosity in 
the superfluid component. In the second 
experiment it is the normal component 
that is responsible for the friction on the 
disk; this experiment accordingly meas¬ 
ures the viscosity of the normal com¬ 
ponent. 

But we can now draw a further con¬ 
clusion: Since superfluid flow carries no 
heat, flow through a slit may be said to 
filter out ‘lieatless" liquid, leaving the 
heat in the container. In an ideally thin 
slit the outflowing fluid should be at ab¬ 
solute zero. In an actual experiment one 
may expect this fluid to have a lower 
temperature than that in the container, 
although not zero. An effect of this kind 
was observed as early as 1939 by Daunt 
and Mendelssohn. Kapitza himself was 
able to show that the fluid pressed out of 
a container through a fine filter had a 
temperature as much as three or four 
tenths of a degree lower than that left 
behind—a considerable drop for a liquid 
which had a temperature of only one or 
two degrees absolute to start. 


Landau’s theory also explained, in 
equally simple fashion, the experiment 
in which Kapitza had caused helium il 
to flow out of a container and deflect a 
vane. The heat-bearing fluid that flowed 
past the vane, causing it to deflect, was 
the normal component; the flask re¬ 
mained full because a superfluid coun¬ 
tercurrent flowed back in. 

It remains to explain why this coun¬ 
tercurrent did not, for its part, exert a 
force on the vane, thus counterbalancing 
the force exerted by the flow of the nor¬ 
mal component. The reason is connected 
with another prediction of theor>\ the 
so-called "irrotalionar* character of the 
superfluid flow. The exact meaning of 
this word is not easy to explain in sim¬ 
ple terms. What is remarkable is that as 
early as the 18th century the Swiss math¬ 
ematician Leonhard Euler, who also 
worked in hydrodynamics, had pre¬ 
dicted on theoretical grounds that the 
irrotational flow of an ideal nonviscous 
]i(|uid past a solid body should exert no 
force on the body. Thus we arrive at a 
complete explanation of an unusual situ¬ 
ation: With the normal component flow¬ 
ing in one direction and the superfluid 
component flowing in the opposite direc¬ 
tion, one can say that there is no net 
motion of the licjuid as a whole; yet the 
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vane is deflected, because one of the two 
components exerts no force. 

A n elegant experiment performed by 
'■ Kapilza in 1940 confirms this ex¬ 
planation in a spectacular manner. He 
fashioned a tiny glass turbine with six 
bent capillaries radiating from it like the 
legs of a spider [see photographs on 
opposite page]. Immersed in a bath of 
helium II and heated by light, this tur¬ 
bine spun rapidly on its pivot, attaining 
speeds up to 120 revolutions per minute. 
This clearly evidenced the reactive force 
of the outflowing normal component. Ka- 
pit7.;i now mounted a spider of silver 
wire on the turbine with vanes to op¬ 
pose the outflow of helium from the 
mouth of each capillary. Because the re¬ 
active force of the normal component 
was offset by its push against the vanes, 
the spinning stopped. If the inflowing 
superfluid component could exert a 
force, the turbine would thereupon have 
begun to spin in the opposite direction. 
It remained motionless, in beautiful ful¬ 
fillment of Euler’s prediction and Lan¬ 
dau’s theory. 

Landau's theoiy was verified in still 
another way. Since the superfluid com¬ 
ponent of helium II is capable only of 
irrotational flow, the theory predicted 
that the superfluid should not rotate as 
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IHKOTATIONAI H.OW of hriium II wijs 
by rolallon of black of ihiit 
foil Ji»kt» hi fi biiih of ihe AUprrBuid. Th^ 
(Iru^ on iho much lower than 

wftiild have In'cn cx|»cctccl in a normal fluid. 


a whole in a whirling container (the way 
water in a glass rotates when the glass 
is twirled). E. L. Andronikashvili at Ka- 
pitza*s institute pul this prediction to the 
test in an experiment using rotating disks 
to drag the liquid [tee diagram on this 
page]. The rotation of the liquid proved 
much less than would normally be ex¬ 
pected, indicating that only the normal 
component of the helium rotated, while 
the superfluid component remained at 
rest. This experimental device, more¬ 
over, made it possible to measure the 
relative amounts of the normal and su¬ 
perfluid components in a given quantity 
of helium II. The ratio depends on the 
temperature of the liquid, as the theory 
predicts. Above the lambda point the 
liquid is entirely normal. At the lambda 
point the superfluid component begins 
to appear, and its 'amount’* increases as 
the temperature drops further. At abso¬ 
lute aero helium II should become en¬ 
tirely superfluid. 

Finally let us consider the phenom¬ 
enon called “second sound’-a property 
of helium II which was predicted inde¬ 
pendently both by Landau and Tisza. 
The prediction was that two diflerent 
kinds of waves, propagated at different 
velocities, could travel through the 
lujuid. According to Landau s theory the 
two kinds of wave propagation arise 
from the fact that helium II is capable 
of performing two motions simultane¬ 
ously. If both components of the liquid 
oscillate joinlly-that is, if the super¬ 
fluid and normal components move in 
unison in the same direction—a sound 
wave of the ordinary kind arises, such as 
normally travels through a liquid. But, 
says the theory, there could also be a 
second kind of wave, specific for helium 
U. arising from oscillatory movement of 
the two components in opposite direc¬ 
tions, each passing “through” the other 
in an oscillation cycle. It turns out that 
this wave should travel through the 
lic|uid at another (in fact, a much slow¬ 
er) velocity than ordinar)* sound, and 
that therefore it should be detectable as 
a second signal. 

The phenomenon proved, however, to 
be difficult to discover experimentally. 
The first experiments, performed at our 
institute in Moscow in 1940, failed. 
Sound waves generated by vibration of a 
pjczoelectric plate were pa.ssed through 

a tube filled with helium II. But onis 

/ 

one signal arrived at the other end: no 
second signal c-ould be detected. 

Reviesving the problem in 1944, I 
found an explanation for the failure of 
the experiments. Ordinary sound waves, 
as is well known, are propagated in the 
form of cyclical compressions and rare¬ 


factions which move through the mate¬ 
rial medium (gas, liquid or solid). But 
analysis made clear that in the ^^second 
sound” wave, with the two components 
oscillating in opposite directions, there 
would be almost no compression or rare¬ 
faction of the liquid as such. Since a 
mechanical sound generator predom¬ 
inantly excites the compression and rare¬ 
faction waves of ordinary sound in he¬ 
lium II, the second sound turns out to be 
too weak to be detected. 

However, these considerations sug¬ 
gested another way to detect the second 
sound waves. The opposed oscillations 
of the normal and superfluid components 
represent, in essence, oscillations of heat 
relative to the cold superfluid back¬ 
ground. They should therefore cause os¬ 
cillations of the liquid’s temperature. It 
was natural to expect that such a “ther¬ 
mal wave” might also be radiated by a 
heater with oscillating temperature and 
that a heater of this kind might thus be 
made to serve as a second-sound gener¬ 
ator. V. P. Peshkov of our institute per¬ 
formed the indicated experiments. They 
clearly confirmed the existence of second 
sound, in excellent agreement with the 
quantitative predictions of Landau’s 
theory [see chart at bottom of page 
i96]. Second sound has since become 
one of the most important tools for in¬ 
vestigation of helium 11. 

D uring the past 10 yeafs Landau’s 
theory has been developed further 
and has been supported by many experi¬ 
ments. Results obtained in a number of 
the world’s low-tcmperature laboratories 
have generally been in splendid agree¬ 
ment with the theory. There remain, 
however, unanswered questions about 
superfluidity. Low-temperature physi¬ 
cists are particularly intrigued by the 
so-called “critical” phenomenon, which 
I have deliberately not mentioned hith¬ 
erto. The point is that helium II does not 
actually exhibit superfluidity under any 
and all conditions. These properties are 
lost if the liquid is forced to move too 
rapidly (the critical speed depending 
strongly on the experimental condi¬ 
tions). Significant progress on this prob¬ 
lem has been achieved during the past 
three years. The seed was planted by 
Lars Onsager of Yale University at a 
conference nearly 10 years ago in a re¬ 
mark on turbulence in the flow of fluids 
that was not particularly noticed at the 
time. The importance of this remark was 
later recognized by Richard P. Feynman 
of the California Institute of Technology, 
who then developed Onsager’s idea. 
These authors presented convincing ar¬ 
guments for the notion that the critical 


Lifshitz SUPERFLUIDITY 


199 


phenomenon is due to the formation in 
rapidly flowing helium II of a large num* 
ber of microscopic vortices. In these 
vortices the superfluid component moves 
in a manner somewhat analogous to the 
wav the air moves in a tornado. It would 
be difficult to detect such vortices di¬ 
rectly. but H. E. Hall and W. F. Vinen 
at the Mond Laborator\‘ in Cambridge 
have recently performed elegant experi* 
ments which give indirect evidence for 
the existence of the vortices, in particu¬ 
lar the additional attenuation they in* 
ducc in the second sound. 

In concluding this short survey of the 
properties of helium II, 1 must return to 
the beginning of the article and correct 
a mistaken impression I may have ere* 
ated there. Helium is not a single sub* 
stance; it exists in two stable isotopes. 
namcK helium 4 and helium 3. As found 
in nature, helium is almost pure helium 
4. and what has been said above refers 
to this isotope. 

The enormous success of nuclear 
physics during the past decade has made 
it possible to obtain helium 3 in (|uanti- 
ties sufficient for experimentation. In 
1949 S. C. Sydoriafc, E. R. Grilly and 
E. F. Hammel of the Los Alamos Scien¬ 
tific Laboratory showed that helium 3 
lj<pjefies at 3.2 degrees Kelvin, and a 
new **(|uantum li(juid" was made avail¬ 
able to physicists. 

The isotopes of helium difler in an 
extremely important way which is re¬ 
lated to the fact that the helium-4 nu¬ 
cleus C'ontains an even numbcT of par¬ 
ticles (protons and neutrons), whereas 
that of helium 3 contains an odd number. 
This gives the two substances radically 
different (jiiantum properties. (In physi¬ 
cal terminology tlie heIium-4 atom is said 
to obey Bose-Einstcin statistics, whereas 
the helium-3 atoms obey Fermi-Dirac 
statistics.) There is every reason to be¬ 
lieve that all li({uids composed of "Bose- 
Einstein atoms" can become superfluid. 
As for liejuids composed of "Fermi-Dirac 
atoms/* there arc in principle different 
possibilities. Only by experiment can wc 
decide what we are dealing with in he¬ 
lium 3, the only Fermi-Dirac lujiiid in 
nature. 

Experiments first performed by D. W. 
Osborne, B. Weinstock and B. M. Abra¬ 
ham at the Argonne National Laboratory 
have shown that Ihjuid helium 3 does 
not become superfluid. The properties of 
this liquid thus lie outside the scope of 
an article on superfluidity. But 1 wish to 
note that in helium 3 physic's has been 
provided with a "quantum lujuid" of a 
new type. Though its properties are 
somewhat less spectacular than those of 
helium 4, they arc no less interesting. 
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collaboration is their seven-volume work 


Quantum Mechanics; Course in Theo¬ 
retical Physics, which is now being pub¬ 
lished in English. 
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ATOMIC CLOCKS 


by Harold Lyons 


The “pendulums” which regulate them are the vibrating parts 
of atoms or molecules. So steady are these oscillations that 
atomic clocks keep better time than the spinning earth itself. 


P hilosophers and scientists in all 
ages have been fascinated by the 
mysteries of time’-its relentless, 
arrow-like flight in one direction, its psy¬ 
chological vagaries, the difficulty of 
measuring it with «absolutc precision. In 
our atomic age the last of these aspects 


affords the most intriguing speculation 
and exploration. Because *'the pendu¬ 
lum's swing is a variable thing/* and the 
motions of the earth and stars are incon¬ 
stant, today "the atom's vibrating has the 
highest rating" among chronologers. Let 
us then consider atomic clocks. 


Most of us. when we ask for the right 
tune, are satisfied with an answer accu¬ 
rate to a few seconds or so. For the "split- 
second" timing of a race, tenths of sec¬ 
onds will do. But in many areas of mo<l- 
em science and technolog)' the question 
of the right time enters a different realm 



ABSORPTION CURVE of ammonU li recorded on an omIUo- 
acope. The trace power received from a beam of radio wave* 

IraniroUled through ammonia gai. Frequency variei along the 


horiaontal axis. At the resonant frequency most of the wave energy 
is absorbed, os is shown by the dip in the curve. The range of fre¬ 
quencies indicoted by the dip limits the otcurocy of onimonio dorks. 
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AMMONIA MOLECULE has ihc hha|>e of a pyramid. HydroK«n 
atoms dots) form a triangular base. Nitrogen atom (open 

circle) is at apex. It ran oscillate bet\«een positions obove and be* 
low the base, traveling along the |iath marked by colored line. 



CESIUM ATOM has a single electron iblock dot) outside of a 
number of filled electron shells <6roA;en eirc/ej). The electron 
and nucleus are spinning magnets; each wobbles on its axis, as is 
indicated by colored arroti. Wobble is the ticking of a cesium clock. 



PM AM 


STABLE PERFORMANCE of an ammonia dork over a ISdiour 
jK'riod is demonstrated by a record of its frequency changes. The 
rrc<[uency is measured on the vertical scale of the chart, each small 


2 3456789 10 


division corresponding to a change of less than one part in 10 
million. During the |>eriod from S p.m. to 8 a.m. the quartz crystal 
oscillator ^as locked to the frequency of the ammonia molecules. 
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Id t)u* laborutorv we musi deal with 
thousuTidths, millionths, even Inlliouths 
of a second. 

The measuiement of aiiv physical 
c|iiantity reduces in the last analysis to u 
mutter of counting units. To find the rliv 
tance between two points, for example, 
we choose some convenient yardstick 
and count the number of times it can be 
laid end to end from one point to the 
other. To find^the elapsed lime between 
two instants we choose a convenient 
unit, such ;is the time required by a cer¬ 
tain pendulum to complete one swing, 
and count the number of swings in the 
interval. However, the swings of a pen¬ 
dulum are not precisely the same from 
one to the next. The central problem of 
exact time measurement is to liml some 
periodic cycle that never changes, or 
changes so little that the variation can 
be disregarded. For ages immemorial we 
have reckoned time bv the rotation of 
the earth relative to the stars, Now we 
have begun to seek more precise stand¬ 
ards in the tiny world of molecules and 
atoms. There wc find processes whose 
reguLirity makes it possible to measure 
lime with undreamed-of accuracy. 

The Clock on the Wall 

Before looking into these cosmic 
clocks in more detail, let us consider 
briefly how ordinars' clocks operate. In 
the liousehold electric clock the “pendu¬ 
lum” is the cycle of the alternating cur¬ 
rent. Hence the accuracy of the clock 
depends on the steadiness of the rate of 
alternation of the current. For hou.se)iold 
puq)oses the 60-cycle rate maintained 
l)y the [X)wer-generating station is steady 
enough. 

For higher prevision. lal)oratorics and 
observatories use quarts' crystal clocks. 
Here a (juart/ crystal controls the fre¬ 
quency of an electronic oscillator, such 
as is used in radio broadcasting. A cr>'S- 
tal of ejuartz. when subjected to an alter¬ 
nating electric field, tends to vibrate at 
its own specific, sharply defined rate. 
Placed in an oscillator circuit, the cry stal 
imposes its steady natural freejuency on 
the circuit. The resulting current can run 
a ssnclironous clock motor with an error 
of no more than one part in a billion or 
so, depending on the length of the in¬ 
terval involved. However, changes in 
temperature and other C'onditions pro¬ 
duce tiny shifts in the crystal frc<jueney, 
and as a crystal ages its frequency drifts. 

Fundamentally all man-made clocks 
are set by some master cIoc*k in nature, 
which at present is the 24-hour rot.ition 
of the earth. The complete rotation is 


L 



HRST AMMONIA CLOCK complcud al the Nutional Bureau of Standards in 
The wave guide lhal conioin^ the axurnonia ran be seen wound around ihr fare of the 
clecifir riork. The rabinel below houses rr>>lal ottcillalor and other elrrtronir rirruU-. 
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ABSOHE^'ION (iHAMBLR for Ihc ammonio clock h n hollow, 
rcrtangulat. spiral guide which contains ummonia ga« at low 


pressure. A radio signal is fed in al one end and delected at the 
other. When ihe frequency of the wove fnlU within the absorption 


timed precisely by recording the instant 
a point oTi tUe earth passes under a 
chosen star in the skv on successive 
niglds rhe interval is divided into 86,* 
400 [>arts. which gives the length of a 
scc'orul. 

Bnt in tlie c't)mpMtation of the length 
of the (lav, corrt*ctions have to be made 

4 

for a number of irregtilarilies. inchiding 
wobbles in the* earths rotation on its 
axis- W'hen all tlie corre ctions have boon 
made*, an insonnountalile iinc(Ttaintv 
still remains, the rate of lotation of the 
earth itself HucfUiites unpredictably. So 
in the end there is an irreducible variu* 
tiori winc h can be as large as one part 
in 20 milhon. 

All tins explains why so iinich efb^rl is 
l>eing devoted to finding clocks \shich 
will k<*ep Ix'tler time than tlie earlh and 
stars, rhe atomic clocks offer great ad¬ 
vantages. The motions of atoms and 
molecules, whicli can serve a.s *'penthi 
hmis. ’ aie al»solutel\ pure and regular. 
Iheir r.ites are nu xor.ihlv fixed l>\ tlie 
kiw.s <il the att>iruc* uoi ld. 

ScjiiK* of tlie motions iii the .itomic 


world-e.g., the vibrations of electrons 
that radiate visible light-are much too 
rapid to be counted. But tliere arc atomic 
oscillations in the radio microwave re¬ 
gion. with fretjticncies in the range of a 
few billion cycles per second, which can 
be counted acx'uratcly by present-dav 
tecbniipiCsS and C({uipmcnt. 

The Ammonia Clock 

The first atomic clock devised is the 
one based on vibrations of the ammonia 
molecule (see ' Kadio NN^aves and Mat¬ 
ter/* by Harr)’ M. Duvis; Scikntu'u: 
Ameiucan, September. 19481. This 
molecule, made up of three hydrogen 
atoms and one nitrogen atom, has the 
.shape of a pyramid. The hydrogens arc 
at the corners of the triangular base, and 
the nitrogen is at the apex [see diagram 
ui (op of page 202]- According to the 
lules of cla-ssical physic’s, the forcx*s be¬ 
tween Ihe atoms should hold the nitro¬ 
gen in place at the lop of the pyramid. 
But e.xperinient-s have shown tiiat the 
iJiliogen can actually plunge down 


through the triangular base and come 
out to an apex position on the other side 
—a phenomenon which can be explained 
by (juuntum mechanics. The motion is 
merely hindered, not prevented, by the 
interatomic forces. And of cx)urse if the 
nitrogen can pass through in one direc¬ 
tion it can also reverse its path; in other 
words, it can vibrate up and down 
through the base. As wo should expect 
from (]uantum thcors’, the vibration can 
take place only at a sharply defined fre- 
([uenev, which happens to be 23.870 
megacycles. 

Whenever it is e.xcitcd bv a sufficient 

¥ 

amount of energy, the ammonia mole¬ 
cule starts to vibrate with its characteris¬ 
tic fre(jucncy. It is like a pendulum 
which is set swinging by a push. If the 
push is supplied rhythmically, and in 
time with (he natural freejuency of the 
pendulum, the resulting swing is much 
more vigorous. That is, the molecule ab¬ 
sorbs more energy from the source of 
supply and converts it into the energy of 
its own oscillator. A radio wave at a fre- 
(juency of 23,870 megacycles makes the 
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hand of ihe oamonia molocole the output signal n eharply reduced. At right i» a scheniatic 
diagram of the unit ahowing the input lignal at the bottom end and the output at the top. 


nitrogen atom absorb large quantities of 
energy and vibrate strongly. 

In 1948 a group of workers at the Na* 
tional Bureau of Standards built an am* 
monia clock. Their design contains 
essentially two pendulums: a quartz 
crystal and a collection of ammonm 
molecules. The ammonia serves to cor¬ 
rect small errors or irregularities in the 
crystal-controlled oscillator. The oscil¬ 
lator in turn runs an ordinary synchro¬ 
nous electric motor like the one in a 
kitchen clock. For this purpose its fre¬ 
quency has to be reduced to that of an 
alternating electric current suitable for 
running the motor—I.e., to the neighbor¬ 
hood of 60 cycles per second. The crystal 
frequency is cut down to a precise frac¬ 
tion of the original by means of elec¬ 
tronic circuits analogous to a train of 
gears which converts the rapid rotation 
of n small gear to the slower rotation of 
a large one. 

The ammonia clock works os follows. 
First the (juartz crystal is set vibrating at 
a frequency which, when multiplied 
electrically, yields a frequency close to 


that of the ammonia molecule. These 
rapid oscillations are then converted into 
radio waves by means of a small antenna 
and are fed into a long chamber, or 
wave guide, containing ammonia gas. If 
the oscillations happen to be at the same 
frequency as that of the ammonia mole¬ 
cule, most of the radio energy will be ab¬ 
sorbed by the ammonia, and little will 
get through the chamber to the other 
end. But if the two frequencies do not 
<|uite agree, most of the radio energy %vill 
pass through the chamber to a receiver 
at the far end. The receiver acts as a 
feedback mechanism, feeding a servo¬ 
motor which adjusts the frequency of the 
oscillator circuit to agree Nvith the am¬ 
monia vibration rate. 

The feedback circuit has a time lag, 
and its corrections are not absolutely 
exact. The vibration of the molecules 
themselves exhibits an inherent fuzzi- 
nc.is. In an assembly of .ammonia mole¬ 
cules there is some spread of the rates of 
vibration. There are two chief reasons 
for this. First, the moving molecules of 
ammonia gas constantly collide with one 


another and with the walls of the cham¬ 
ber. At every collision the atoms of the 
ammonia molecule are subjected to out¬ 
side forces which slightly spread the 
molecules frequency from its normal 
value. The second factor in shifting the 
frequency is a Doppler effect. To radio 
waves passing through the chamber, the 
vibration frequency of ammonia mole¬ 
cules moving away from the waves ap¬ 
pears to be slightly lower than it actually 
is, and the frequency of molecules mov¬ 
ing toward the waves appears to be high¬ 
er. Both the collision and Doppler shifts 
are sufficient to give a measurable spread 
around the central frequency and thus to 
limit the possible accuracy of the am¬ 
monia clock. 

The accuracies that have been ob¬ 
tained are quite impressive, however. An 
improved version of the original Bureau 
of Standards ammonia clock is stable to 
within one part in 100 million. J. Rossel 
of the Swiss Laboratory for Time-Keep¬ 
ing Research has reported that a newer 
ammonia clock built there can be held 
steady up to two parts in a billion. K. 
Shimoda of Japan also has designed a 
new form of ammonia clock which can 
control frequency to two or three parts 
in a billion. 

The Cesium Clock 

Now an atomic clock of considerably 
greater precision-the most accurate yet 
built-has been made with cesium, a 
silvery metal which is liquid at room 
temperature. It was designed by the Bu¬ 
reau of Standards group who made the 
first ammonia clock. 

The cesium atom, like the ammonia 
molecule, has a natural vibration whose 
frequency is in the microwave region. 
Its frequency is 9,192 megacycles. This 
puts it, very conveniently, in the range 
of three-ceil time ter microwaves, a region 
which has been intensively exploited for 
radar work. Thus the necessary ccjuip- 
menl and techniques are ready to hand. 

What can go on in the cesium atom at 
this comparatively leisurely puce? It 
turns out to be a magnetic process. Cesi¬ 
um is an alkali metal, which means that 
outside its filled electron shells it has a 
single outermost electron whose spin 
makes it a magnet. (The magnetisms of 
the electrons in the closed shells do not 
count, because they cancel one another.) 
The spinning nucleus of the cesium atom 
also is a magnet. Thus the atom contains 
two small, spinning magnets, each in the 
force field of the other. Neither magnet 
maintains a rigidly fixed direction. They 
are both like tops spinning in a gravitu- 
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i ONTROL CIRCUITS for nn nlonuc dork art in xhn 5rhemAiic diagram. Pari of 

llie oij(])Ut of 0 <|uarU iryf^lal oc^rillator reducrd by a frc<)urnry dividing circuit lo about 
ryrlrti |)or hcrond and fed into .ui ordinary electric clock. Aiiolher pari of the output is 
iiuilliplioJ to ihr atomic vibration frequency and fed lo o circuit which compares it with 
the atomic frequency itself. Any difference is tr.mslalcd into an electric signal which feeds 
hjck lo Oo’ obcilhitor and brings it^^ frequency into agreement with the atomic standard. 


Uonal field. That is, they wobble or 
precess around a fixed line [see diagram 
on page 202]. The rate of precession is 
9,192 megacycles per second. This rep¬ 
resents, in effect, the ticking of the 
cesium clock. 

If cesium atoms are placed in an elec¬ 
tromagnetic field which oscillates at 9,- 
192 megacycles, the electrons can ab¬ 
sorb or emit energy and flip over to a 
different orientation. This change of en¬ 
ergy state is the mechanism of the clock. 

For the cesium clock the element is 
heated to the gaseous state in an electric 
furnace, and the cesium atoms are dis¬ 
charged through a small opening into a 
long, evacuated tube. They travel dosvn 
the tube in a beam like a file of marching 
soldiers, thus avoiding collisions with 
one .another. The beam is sent through a 
magnetic field which acts to select only 
atoms in certain energy states. Next the 
beam passes through a section where it 
is exposed to radio waves at the fre¬ 
quency of 9,192 megacycles. Finally it 
passes through a second magnet just like 
the first and then approaches a detector 
wire where the cesium atoms will pro¬ 
duce a current if they hit it [see diagram 
at top of page 210]. 

If the radio field is on the correct fre- 
<juency, large numbers of atoms in the 
beam change their energy. The second 
magnet now deflects these atoms so that 
they reach the detector. On the other 
hand, if the radio frequency does not 
agree with the natural frequency of the 
cesium atoms, they pass through the 
second magnet and are deflected so that 
few reach the receiver. As in the ammo¬ 
nia clock, the receiver actuates a mecha¬ 
nism which adjusts the oscillator fre- 
(luenov so as to keep the received current 
at a maximum. 

The cesium clock is extremely accu¬ 
rate because the spectrum line is very 
shaq). The device eliminates collisions 
between atoms and the Doppler effect, 
which broaden the absorption band in 
the ammonia clock. There is no Doppler 
effect because the radio w.nves attack the 
passing beam at right angles instead of 
moving along the same line of travel. 

With precise control of the radio fre- 
ipiency it is possible to .achieve accuracy 
lo at least one part in 10 billion in the 
cesium clock. This would correspond to 
an error in timekeeping of one second in 
300 yearsl 

Already a cesium clock at the National 
Physical Laborator)* in England has op* 
crated to an accuracy of one part in one 
billion. L. Essen and J. V, L. Parry have 
determined the center frequency of the 
cOsSium spectrum line in terms of a pro* 
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l’HOTO(>HAf’HU ZFNITH T( BK riukt'h |>iclurrs of Mjr«^ a& th?> 
|j:)K 6 dirrril) o>erlj«*ad. Tlir limr iraruiU on 

night- Jf'Irrinirieb the length of iht* p^olar day. The lubr i» hurd; hr* 
ii IB j hjBin of fhrrrury whirh octB a» a mirror. Brrou^r (hr 


mercury 1*^ lic|i]id. it l^ jl»^nlulvl> Irsrl flir iiurror rrtlrd^ ihr 
light of BtarB to j |diologrj|ihH pl.ilt* uithin ihr Uihr i /oeforr 
fU (Off of nrxt ^. Thi- iiiKtruiiirnt i' jI iIu* I ^ Naval Oh'orv a- 
lory in ^*i»hinglon. I>.( \ Mrtiil.ir in^lrunu nt i« al Ui< Imiiuul, I li 
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LENS of phnloftrjphic zcnilh lube ban an aperiurr of ei^lil inrhc!». Il 1$ ^hov^n niounled 
on a hou^in^ which roniain* the photocraphir plalr. The motor at lop moves the plaie to 
keep »tar imaf^e tracked for 20-^erond exposure. About )a are ]>1iolo{;r.iphcd a 



MHt( I R\ MIIUlOK provicic*. j (Lit un<l truly Ir^el ^urfjse. ll i' r«ii«>ed or lowered lo 
forun the j-tiir iiru^e on (he pliotogruphic plule under the Jen-, \hosr the ^l]rfacc of the 
mercury a rod: il- rellci (ioti t jii jf-n b** -ren in the mercury. W hs*n the lip of ihi- rod ju«t 
louc tiCH the njrfine cd the merturv. llie iniage in ex.ul f<M U' at the photogra(ihic plate. 


visional uniform lime scale estimated by 
the Greenwich Observatory. Their an- 
SNver is 9,192,631,830 cycles per second, 
with a possible error of 10 cycles. A cesi* 
um clock of at least this accuracy' has 
also been built by the National Company 
in the U. S. 

An ingenious scheme to improve the 
cesium clock s potential accuracy' is be¬ 
ing explored by Jeixold R. Zacharios and 
his group at the Massachusetts Institute 
of Technology. 2^charia$ plans to in¬ 
crease the length of exposure of the cesi¬ 
um beam to the radio waves, which will 
sharpen the absorption line. He proposes 
to do this by shooting the cesium atoms 
upward and exciting them with the radio 
field near the top of their trajectory, 
when they are about lo fall and are mov¬ 
ing slowly. His plan may give the cesium 
clock an accuracy to one part in 1,000 
billion or better. 

The Maser Clock 

Whv not tell time dirt^ctly from an 
atom's own vibrations, instead of by the 
roundabout method of seeking its ab¬ 
sorption frequency? The idea is indeed 
feasible, and a new atomic clock b;ised 
upon it has been developed by C. H. 
Toumes, J. P. Gordon and H. J. Zeiger 
at Columbia University. They call it the 
'‘maser* (for "microwave amplification 
by stimulated emission of radiation"). 
Their timekeeper is the ammonia mole- 
(;ule in the excited state, in which it 
emits rather than absorbs energy. 

A beam of ammonia gas molecules 
coming from a high-pressure bottle en¬ 
ters a tube where it is first subjected to 
an electric field. This field acts as. a 
focuser that disperses molecules in the 
low-energy, absorbing state and concen¬ 
trates the emitters. The beam of emit¬ 
ters then flows into a "cavitv resonator,** 
where the molecules radiate their micro- 
wave energ)’. The size of this cavity is 
adjusted so that it resonates at precisely 
the frcijuericy of the ammonia’s radia¬ 
tion. Thus the energy emitted by the 
molecule is reinforced, and a strong os¬ 
cillation is set up. The oscillation can be 
used to control the synchronous motor of 
an electric cloj-k bv means of a serv'o- 
mix'haiiism. 

The maser has produced the purest 
oscillations ever generated—a signal very 
close to a single freiiuency. The frc<juen- 
cv was stable to one part in 10 billion or 
better for more than an hour. This per- 
lorin.UK'i* can prol)ablv bo improved. 

If the number of moUvules fed into 
(he maser's resonator is reduced below 
(he level needed lo sustain oscillations, 
,uid a small amount ot energy in the 
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CESIUM BEAM EQUIPMENT at xUc Naval Laboratory 

in Wa»liinKton it tern from the hark at left and front dl right. 
Ceaiuni atumt are injerled at the bottom and travel up the vertjco) 



tube to target chamber at top. Deflecting magtiet> are behind the 
two rectangular plates^. Thi» dev ire i» made b> the National t orn* 
pany. It it the ftrti romnirrcial atuaiirall) ronlrollecl o>ctllatur. 
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SOUi?C£ MAGNET 


RADIO flELD eiECTRODES MAGNET 


DETECTOR 


CESII M BtAM PRINCIPLE u illu^lrcHed above. The beam 
from llie ^ourcc Un elcftric furnace) conlains atoms in 
luo cncrjty slates. These are deflected by the first and second m.if* 
nets in such a way that they miss the detector wire at rifihl. When 


the atoms arc excited by the radio field during; their (lassage be* 
tween the two magnets, they make transitions between the two en¬ 
ergy states. The second magnet nowf deflects them in opposite direc* 
lion so that they either land on detector wire or are reforuhcd. 


fonn of a radio wave of the right fre- 
<|uency is then added, the vibrations of 
the ammonia molecules will amplify the 
input signal. In this form the maser is an 
cxijuisitelv selective and tioiseless ampli¬ 
fier. It produces strong amplification 
when a weak signal at the proper fre- 
<]ucncy is fed into the cavity. Even if 


the input signal is contaminated witli 
other fret|uencies, the ammonia ros|X>nds 
only to its own vibration rate, so that its 
tuning is very selective. 

A number of laboratories are now 
building masers and applying them in 
many areas of research. Some experi¬ 
menters arc testing new designs whiclt 


mav give even higher degrees of ac¬ 
curacy, R. H. Dicke of Prinevtou Uni- 
versitv proposes to use nibidium atoms 
instead of ammonia molecules and to 
include argon gas as a buffer to insubtte 
the rubidium atoms against collisions 
with one another. D. D. Babb, formerly 
of the Signal Corps Engineering Laltora- 



M A'^Ht 1 I '^l lt M'cti ••nd'Oii -houK roiU ,i«* lialrliril cirflr* .nu\ the olcclric field ,i« 
M.itk MirM il linr*.. The M)lorf*d jrr emitting ninleriilcs; black dots ab<orbcr^. 



M \SER at ('olumhia V'nivcr>ily is with 
fniiil plalc of the \ncuum chamber removed. 
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SOURCE FOCUSER CAVITY 


MASER PRINCIPLE is diagrammed above. Ammonia gas emerg* 
ing Irom source (a high-pressure tank) contains high-energy mole- 
cates (colored dots) which emit radiation and low-energy mole¬ 
cules (black doti) which absorb it. The focuser is a ring of long 


electrodes. The electric held within the ring acts to disperse the 
low-energy molecules and concentrate the emitters. These hnd 
their way into the cavity, which is tuned to the frequency of the 
molecule. The oscillating energy is taken out through a wave guide. 


lories, hopes to build a maser with radi¬ 
ating cesium atoms, and he estimates 
that this clock would be stable to one 
part in 10.000 billion for long periods. 

Uses for Atomic Clocks 
When these remarkable timepieces 


have been built, what will they be 
used for? The list of needs is long and 
varied. 

To begin with, atomic clocks would 
establish a more precise and invariant 
standard for the length of time units 
(e.g., the second) than the astronomical 
one. The right time could be checked 


instantaneously, without wailing days or 
years for correcting astronomical meas¬ 
urements. The standard for distnnet* 
could be related to the standard for time 
by means of an atomic clock coupled to 
an interferometer using microwaves. 
This would give the system of scientific 
units greater coherence and logic, for 



ammonia ‘^gun** ii at left. lu gai Mream i* injected into the focuier, 
whieli h the aitembJy of horieonlal rod* in the center of the picture. 


The pipe at right is the resonant cavity, from which oscillating 
energy i* withdrawn through rectangular pipe at upper right. 
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FOCUSER OF THE ASER, explained in the diagram on page 210, is photographed from 
the end. This component is from an early model of the maser built at Columbia University. 


length and time arc now measured in 
independent ways. 

The establishment of a really accurate 
terrestrial time scale will permit more 
precise measurements of the earth s ro¬ 
tation. which in turn will help geo¬ 


physicists to chart motions of the earth s 
molten interior, believed to be resj^onsi- 
ble for some of the irregularities in rota¬ 
tion. Atomic clocks also will play a ma¬ 
jor role in basic atomic research, making 
possible easier and more accurate meas¬ 


urement of the vibrations and rotations 
of molecules, atoms and nuclei. 

Another imminent application is to 
aircraft navigation, Some of the present 
radio navigation instruments could give 
accurate position fixes over at least 3,000 
miles if the frequency of the radio signals 
could be held stable to one part in a bil¬ 
lion. Only 30 stations would be required 
to cover the entire globe. 

The maser would even be useful in 
astronomy and cosmology. As a noiseless 
amplifier it would eliminate the noise 
generated in the circuits of radio tele¬ 
scopes and thus permit the resolution of 
weak signals, extending our vistas into 
space. Further, atomic clocks should 
make possible a check of the question 
whether the world of tlie atom runs on 
the same time as the universe. 

There is a possibility that atomic 
clocks could furnish a test of Albert 
Einstein s general theory of relativity. 
The theory^ predicts that a light (or ra¬ 
dio) wave traveling away from the 
earth should be slowed, or reduced in 
fre<juency, because of the work it does 
against gravity. A pair of atomic clocks, 
one at the bottom and the other at the 
top cf a mountain, should be able to 
settle the point. The experiment would 
be of enormous interest, because there 
are few ways to check relativity theory. 

Thus the atomic clock may reveal 
stories yet untold about our universe. 
Time will tell. 
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PIONS 


by Robert E. Marshak 

These particles, also known as pi mesons, are an important 
atomic structural material. They appear to be the cement 
which holds protons and neutrons together in the nucleus. 


T he cement that holds the universe 
together is the force of gravity. 
The glue holding the atom to¬ 
gether is electromagnetic attraction. But 
the glue that holds the nucleus of the 
atom together is a mystery that defies 
all our experience and knowledge of the 
physical world. It is a force so unlike 
any we know that we can hardly find 
words to describe it. We do have a clue, 
however, to which we can give a name. 
It is the pi meson, or pion. In some way, 
not yet understood, pions are certainly 
involved in the nuclear binding force. 
Now that these particles can be gener- 
.ited at will by high-energy bombard¬ 
ment of matter, their properties are be¬ 
ing industriously explored. What have 
we learned about them? 

Before entering this strange realm, let 
us retrace very (juickly the steps by 
which the physicists got there, along 
the now familiar path of electromagnetic 
forces. Considering the operation of 
these forces in the macroscopic world- 
as electricity, magnetism, light and so 
on-Michael Faraday and James Clerk 
Maxwell developed the concept of fields 
of force, pervading all space. When 
pli\ sicists began to examine the micro¬ 
scopic world of the atom, thev assumed 
that the same field concept applied 
there as well; that the force between one 
electron and another, or l>etxveen an 
electron and tlie positive nucleus, 
obeyed tlie laws of tlic classical electro¬ 
magnetic field. But cventuallv it be¬ 
came clear that much of the behavior 
of atoms atid electrons t'ould be ex- 
pl.iined only on tlie assumption that the 
in the atom is ejuanri/ed. In other 
words, in the light of the <|ijantuin 
theory physicists concluded that electro¬ 
magnetic forces are exerted l>v an ex* 
cliange of quanta or p.u kets of energy 
between charged bodies. Tliese tjuanta 
aie pliotons-massle.ss units of energs. 


The field around an electron, say, con¬ 
sists of photons which the electron is 
continually emitting and absorbing. 
When one electron repels another, pho¬ 
tons are interchanged; the photons are 
emitted by one particle and absorbed by 
the other. Thus the <}uantum theory, 


which is often said to do away with 
physical models, actually gives a more 
concrete picture of electromagnetic in¬ 
teraction than the classical theory did. 
Two charged bodies influence each other 
not through an intangible fleld but by 
tossing little pellets back and forth. 



IMON TR ACKS nrv made visible ns slrinp;s of liny bubbles in a chamber of liquid propane. 
TliK photopr.ijdi itmde \sbilc the chamber exposed lo o beam of heavy mesons from 
llie Brookli.ix'o (.osmoiron. As indicated in the dra^^ing, one series of tracks shows 
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This conception was so successful in 
accounting for the forces on the atomic 
scale that the Japanese physicist Hideki 
Yukawa adopted it to attack the prob¬ 
lem of the mysterious forces in the nu¬ 
cleus. He assumed that the force field 
in the nucleus, like that in the outer 
atom, is quantized. The attraction hold¬ 
ing together protons and neutrons (nu¬ 
cleons) would thus be accounted for by 
a continual exchange of quanta of ener¬ 
gy. But whereas the quanhim of electro¬ 
magnetic energy (the photon) is mass¬ 
less, Yukawa found that to explain the 
force of attraction in the nucleus, par¬ 
ticularly its very short range, it had to 
be supposed that the nuclear quantum 
had an appreciable mass, which he cal¬ 
culated to be between 200 and 300 times 
that of an electron. To account for the 
great strength of the nuclear force, he 
assumed that the quanta were ex¬ 
changed at a very rapid rate. 

Yukawa's brilliant intuition was re¬ 
warded 12 years later (in 1947) by the 
discovery of the quanta, or particles, that 


he had proposed (see ‘The Multiplicity 
of Particles,” by Robert E. Marshak; 
SciENTTFic A^^£alCAN, January, 1952]. 
The pi meson, or pion, has just the prop¬ 
erties he predicted for it. Its mass is 
about 270 times that of the electron. 

The notion that pions are exchanged 
between nucleons immediately raises 
some basic questions. To begin %vith, if 
a nucleon continually emits pions, what 
happens to the conservation of mass? 
The emission of a pion, with its appre¬ 


ciable mass, should reduce the mass of 
the nucleon, and yet in all our experi¬ 
ments the mass of a nucleon remains con¬ 
stant. The ans>ver is that the emission 
and reabsorption of pions takes place so 
rapidly that we cannot detect it. Since 
any phenomenon that is undetectable 
cannot be regarded as ‘Veal," in the 
physical sense, we must speak of “vir¬ 
tual" emission and exchange of pions. 

To understand a little more clearly 
what this means, and to see approxi- 




a lau mcfton (^*) entering from the left and decaying Into two 
poiltive pion» and o negative pion (»'). The positive pion 
decoys into a ma meson which decays into on electron (e*). 


Another pion enters the chamber from the lower right and decays 
into 0 Q)u meson at upper left. The ekperimrnt was performed by 
D. A. Glaser and his colleagues of the University of Michigan. 
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ELECTHOMAGNETIC FIELD around a ctiarf^ed particle »uch at an electron (6facA* circle) 
ifl vhown ftchemalicolly accordinjc to claiiftical theory (ii6ore) and quantum theory {below). 
The pray sliodinfc in the upper diagram repreaenU the conlinuoua clamcal field through 
>«hifh t)ie particle hu$ thought to exert ita lorce on a aecond electron (ic/iiie circle). The 
circle in loner diagram ahonx the field quantum or photon non thought to transfer the force. 



I JON hCAlTLRJNi# «*NpcriiTH*n( dj^praniiiicd iih(»>c. The iiu^un Iummi from ;i cych 
tron fio/i) i, .ici-rrd li> a magnet h» strike ii sjiiiplo of hydrogen. The roijiiters in froi 
and hark of ilie target ret*»rd the iiiindii r^ of p.irtieles ihai are defleeleil at various angle 


mately how brief the appearance of a 
pion must be» we must recall the famous 
uncertainty principle. This principle sets 
a definite limit to our knowledge of very 
small-scale phenomena. It says, for ex¬ 
ample, that if we measure an electron's 
position exactly, we (hereby destroy our 
ability to make any measurement what¬ 
ever of its momentum and vice versa. If 
we want figures for position and momen¬ 
tum at the same time, we must settle for 
inexact measurements of both. The un¬ 
certainty principle of quantum theory 
tells us the maximum accuracy we can 
hope to attain: the uncertainty in posi¬ 
tion multiplied by the uncertainty in 
momentum must be at least as great as 
the value of Planck's constant, h. 

Another pair of quantities which fall 
under the principle are energy and time. 
Any experiment for measuring the en¬ 
ergy of a system reejuires a certain time 
to perform. Any such experiment also 
tends to alter the energy, Now it turns 
out that the shorter the time of measure¬ 
ment, the greater the effect on the ener¬ 
gy. In other words, the more certain wc 
are al)ont the time at which the energy is 
determined, the less certain we can be 
about its amount. Again, the product of 
the t>vo uncerlaintics can never be less 
than h. 

The energy c<jujvalent of the mass of 
a pion is 135 million electron volts. The 
calculation based on h tells us that the 
margin of uncertainty for the energy con¬ 
tent of a nucleon will be at least 135 Mev 
when the time of measurement is 5 X 
10‘-^ of a second. Hence if a pion is 
emitted and reabsorbed within this time, 
it will be undetectable, Le., 'Virtual." In 
that time a pion, moving at practically 
the speed of light, could travel to about 
1.4 X 10’'^ of a centimeter from the cen¬ 
ter of a nucleon. This distance is just 
about the observed range of nuclear 
forces! The agreement seems a striking 
support for the thcor)' that pions act as 
agents of ihvsc forces. 

This conception of the pion accounts 
for another phenomenon observed in ex¬ 
periments. When hydrogen is bombard¬ 
ed by a beam of fast neutrons, many 
protons (hydrogen nuclei) shoot out in 
the foi^vard direction at about the speed 
of the impinging neutrons, while a cor¬ 
responding number of neutrons is found 
almost statioiiar>’ within the target. It is 
altogether iinprobalde that so many neu¬ 
trons would hit protons dead center and 
transfer all their momentum to the pro¬ 
tons. A much more plausible interpreta¬ 
tion is that the emerging protons repre¬ 
sent neutrons which were converted into 
protons during passage through the tar- 
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NUCLEAR fORCE FIELD concUis o( clouds of virtual pions 
i small open circles^ which surround each nucleon. At left a mov¬ 
ing neutron {above) pusses close to a slollonary proton ibelpw) 


and picks up a positive pion. The moving particle is a proton 
ond the stationary one a neutron. By transferring neutral pions, nu¬ 
cleons are also able to interact without this exchange of charge. 


get. Such a conversion could occur if a 
neutron seized a positively charged 
pion: the neutron would thus become a 
proton, and the proton that lost the posi¬ 
tive charge would become a neutron. 
Thus a neutron dashing through a pro¬ 
ton target grabs a pion from a proton 
and leaves a neutron behind. 

The attraction between nucleons in 
the nucleus of an atom (other than or- 
diiiar)' hydrogen, which has only one 
nucleon) may be exerted through such 
exchanges of pions. There should be 
positive, negative and neutral pions, to 
bind together protons with protons, pro¬ 
tons with neutrons and neutrons with 
neutrons. 

I fow is it that the ghostly 'Virtual'* 
* ^ pions are in fact detectable as real 
particles? If we consider pions as pack¬ 
ets of energy, it is not difficult to describe 
the circumstances under which wc 
should be able to detect them. Suppose 


the energy equivalent of a pion is sup¬ 
plied to a nucleon, replacing the pion 
energy. A pion may then be released and 
detected before it is captured by another 
nucleon. Pions were 6rst identified in the 
debris from cosmic ray collisions and 
then manufactured in high-energy ac¬ 
celerators by bombardment of nuclei. 

All three forms of the pions have been 
found-positive, negative and neutral. 
The neutral pion has 264 times the mass 
of the electron. The charged pion, which 
gains a little mass from its interaction 
with the electromagnetic field, has a mass 
of 273. Pions are readily absorbed bv 
nuclei. They are unstable. The charge<) 
pion decays into a lighter particle 
(called the mu meson) and a neutrino 
with a half-life of a few hundred-mil- 
lion tlis of a second. The neutral pion de¬ 
cays much faster (half-life about lO’**' 
of a secHind) into hvo gamma rays. 

Pions, produced in large ijuaii titles bv 
bombarding targets such as carbon, are 


now formed into beams for probing nu¬ 
clei. The way in which a beam of real 
pions is deflected or scattered bv the 
target nuclei shows how the pions inter¬ 
act with the nuclear force field. The sim¬ 
plest and most informative experiments 
are those on individual nucleons. Protons 
can be studied directly by bombarding 
a target of hydrogen. Neutrons are ex¬ 
amined by bombarding heavy hydrogen, 
or deuterium, whose nucleus contains 
one proton and one neutron. When the 
proton s effect is subtracted out, the re¬ 
maining pattern gives the neutrons in¬ 
teraction with the pion. 

These experiments support a picture 
which, if rather obscure, at least fits to¬ 
gether well as far as it goes. For instance, 
investigators of the nuclear forces have 
been intcre.sted in the fact that the force 
of attraction beriveen nucleons seems to 
be exactly the same whether they are 
charged or uncharged (i.e.. protons or 
neutrons). This of course is entirely for- 

9 


f>J\J -^ 







VIRTUAL PION MATERIALIZE.S if the system u provided with 
an amount of energy at least equivalent to the paon*a rest mji9. In 
these diagrariu a higli-energiy pramma ray itKivy line) enters a 


n%eson cloud and sirikci a virtual positive pion iopen circlcK The 
energy of the gamma ray i< absorbed and the virtual pion turns 
into a real pion isolid circle). It can now escape from the nucleon. 
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eign to our experience in the worlri out¬ 
side the atomic nucleus. Considering the 
hypothetical roles of charged and neu¬ 
tral pions in these several attractions, 
the investigators have calculated that 
nucleons must emit and absorb charged 
pions twice as fre<|uently ns neutral 



MELD STHFINGTHS due lo elerlroniag* 
nclie urid nuclcjr forces are indimlcd by 
these curves, tapper curve represents the 
clcrlromagnclic field nroujid a proton 
i v> hich rcpcD another proton t . Lower curve 
»H pro(on*» nuclear held (which attracts 
another proton). Horizontal axis ^ive» dis¬ 
tance from proton in units of Li X 10'^^ 
centiinetern. Vertical scale is arbitrary. 


pions. To put it another way, the nucleon 
interacts twice as strongly with a 
charged pion field os with a neutral pion 
field. Scattering experiments with real 
pions have confirmed this assumption. 

The nuclear force of attraction is ver\' 
strong—so strong that, if the pion is its 
agent, a nucleon must emit virtual pions 
at a high rate, and must be surrounded 
at close quarters by a veritable cloud of 
them. This suggests that if enough 
energy could be supplied, it should be 
possible to materialize more than one 
real pion from a nucleon. This has in¬ 
deed turned out to be true. The three- 
Bev CosmotTon at the Brookhaven Na¬ 
tional Laboratory produces an average 
of two pions per collision. The six-Bev 
Bevatron at Berkeley gives an average 
of more than three. In primary cosmic 
radiations, where there are energies as 
high as 10,000 Bev, as many as 20 real 
pions have been observed to emerge 
from a single collision. 

^"^hus the proton and the neutron, once 
^ supposed to be the ultimate building 
blocks of matter, become less monolithic 
than they seemed. Each consists of a 
core surrounded by a fluctuating cloud 
of pions—an arrangement somewhat re¬ 
miniscent of the atom with its nucleus 
and planetary electrons. Pion scattering 
experiments nosv indicate that nucleons 
may even have excited slates, as the 
atom does. The excitation, produced 
when a pion hits a nucleon violently, 
takes the form of a temporary increase 
in the nucleon’s charge. Presumably this 
state involves some rearrangement of the 
meson cloud, but the details arc not yet 
known. 

The inner region near the core of the 
nucleon, where the meson cloud is most 
dense, remains an area of mystery. We 
can probe it with very fast particles: the 
faster the projectiles, the deeper they 
penetrate. But our knowledge and theo¬ 
ries about the meson field arc still too 
vague to yield e<|uations which might 
account for the scattering patterns ob¬ 
served or predict how many pions will 
be produced at a given bombarding 
energy. 

Tlie chief difficulty is the fact that we 
must deal with n swarm of pions. Our 
mathematical techniques cannot effec¬ 
tively handle more than one pion at a 
time. Beyond this things become much 
too complic.nlcd. The problem appears 
to be a basic one, and it seems that only 
some radically new idea will enable us 
to .solve it. And so tlie pion. while pro¬ 
viding a tantalizing glimpse into the nu¬ 
clear forces, ser\'es also to deepen our 
ignorance. 
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SUPERCONDUCTIVITY 


by B, T. Matthias 


When certain metals are cooled to a few degrees above absolute zero, 
they lose all electrical resistance. Although the phenomenon has not 
been explained, it has now been found to adhere to some simple rules. 


I 'l was almost 50 years ago that Heike 
Kamerlingh Onnes, a Dutch investi¬ 
gator of the hcha\ior of matter at 
vcr\ low temperattires, passed an elec¬ 
tric current through some frozen mcr- 
curs* and made a startling disc'ovcrs. He 
found that, at a few degrtH»s from abso¬ 
lute zero, all resistance to the flow of 


the current disappeared. Physicists to¬ 
day are still hunting for an explanation 
of this bizarre phenomenon of super¬ 
conductivity. which seems to contradict 
some of our basic ideas about nature. 
But though vve do not understand it very' 
well, we are beginning to Icani enough 
about superconductivity to make use of 


it. This article is a report of some recent 
work which suggests that it may be pos¬ 
sible to make supercpnductors which 
can be used in electrical e<]uipment held 
at low temperatures. 

Let us begin by considering the nor¬ 
mal conduction of an electric current by 
a metal. We know that the current is 
transmitted by the motion of electrons, 
driven through the melars cry'stal lat¬ 
tices by the applied electric voltage. The 
electrons collide with the atoms in the 
lattice; this impedance of their motion 
constitutes the conductor’s electrical re¬ 
sistance. The resistance increases as the 
temperature increases, because the vi¬ 
brating atoms in the lattice then oscillate 
over wider distances from their lattice 
positions and interfere with the elec¬ 
trons’ motion more strongly. 

Now it is rca.sonablc to suppose that 
if the atoms’ vibrations were completely 
stilled by reducing the temperature to 
absolute zero, resistance to the flow of 
eU^ctrons might drop to un undetectable 
level. But Kamerlingh Onnes found that 
resistance vanished abruptly at several 
degrees above zero. Mercury' became 
superwiiducling at 4.2 degrees Kelvin; 
evrtain other metals did so at different 
temperatures in the low range down to 
around one degree—the lowest Kam¬ 
erlingh Onnes cniuUI reach. Later the 
(hTiii.in physicist W, Meissner discov¬ 
ered another pt'culiar property of met¬ 
als in the superconducting state. They 
were impervious to a magnetic field: 
]>1 ;kth 1 between the poles of a magnet, 
the\ CNimpletolv expelled the field, so 
th.it the lines of magnetic force went 
around the material [sec diagrmn at top 
iff page* 222]. 

4 bout 20 vears ago Fritz London, a 
• ' Germ an-born physicist then work¬ 
ing in Englaiul, suggested a thtK)ry' 


f* M f ^ I 0| V lltfll «»ti •u|M‘r< onflut ling meiuU i* ^(ui)ir<l \s\%U lliin 

RPIMf.ihj- III i!ir l.itior.iifir) \ I .ii np|| Telriilionr l.ahorcitorie*. A 

i»i f»»i«frn ring tiirl.if I* pl.i.rtj tti lH|iiiil hrliiiin .M lli<* InilUin) of llu* ryMn<lrr ol li'fl, 
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SAMPLE IS PREPARED for Jti ihr app.iraiu 

on llie opposilr pjge. At Irfl i^ j dink of vrr> pur^ lin <»iirro)jndr4 


a liiv» r«*tJiriaiift mjdr of p.iiM r \t rig)il ilir of 

k h.ls lifrn roxTrd ssHU .1 |><»\ 4 drr 4»f X^U' ni<i|>iuii1^ 


SAMPLE IS L<>^%ERE[) into appardtutt 4/^/iK Around it is ih< 
niKered hjIJ of jn inAiilatin^ Drnjr Afirr jn t*li»rtromj|; 


n<'l around thr 
niovf* into %ti]W'r4 ondmi 
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EFFECT OF SUPERCONDUCTIVITY on a mognoHc field i» depicted in these srhctnatie 
drawings. A ^phrrc of ft*rrotnugnetic maleriol (circle ai /e/M concentrates the lines of force 
in a iiKignctir field. A sphere of superronducling material {circle ai rigfu) cx|>eU the field. 



KLKt I H H. A I, H F'*'1^ I \N( F <ll* MFIlt 1 lO plotted aguin^l trinprraliirc. The resistance 
di•».l|l(N•rt^^ l•ntir<'l> .n .dioui t.2 d**pn'i*H Krivin \ t.2 degrees centigrade above absolute eeroK 


about the behavior of matter in the 
superconducting state. Since the free 
movement of electrons through a super¬ 
conducting metal is analogous to the 
unimpeded motion of electrons in their 
orbits around the nucleus of an atom, 
London reasoned that an external mag¬ 
netic field fails to penetrate a supercon¬ 
ducting material because it shifts the 
large “orbits” of the electrons in the 
material so that they set up a counter¬ 
acting magnetic field of their own. 

London’s concept gave an under¬ 
standable picture, but of course it did 
not explain why a mass of material 
should behave like a single giant atom— 
that is to say, why reduction of the ma¬ 
terial to a very low temperature should 
create unobstructed orbits for the flow 
of electrons. In 1950 H. Frohlich at 
Purdue University and John Bardeen 
of the Bell Telephone Laboratories at¬ 
tempted a more specific explanation. 
Their theory said that at low tempera¬ 
tures the vibrating atoms in a crystal 
lattice no longer obstruct the flow of 
electrons but on the contrary begin 
abruptly to conduct this flow in a wave¬ 
like way; In other words, the lattice vi¬ 
bration itself becomes the agent that 
makes the metal superconducting. 

According to the Heisenberg uncer¬ 
tainly principle in the (juantum theory, 
the vibrations of atoms can never die 
awav entirely. Even at absolute zero 
the atoms in a lattice would retain an 
irreducible motion, called "zero-point 
vibration.” The Frohlich-Bardecn the¬ 
ory of superconductivity holds that at 
very low temperatures these vibrations 
of atoms and the motions of electrons 
are synchronized, so to speak. As a re¬ 
sult of the interaction between the atoms 
and the electrons, the electrons reduci' 
their cnerg)' and ride along with the lat¬ 
tice vibration as on a wave. Thus re¬ 
sistance to the flow of electrons dis¬ 
appears. 

The theory was suggested by the fact 
tliat metals which are comparatively 
poor c'onduclors at normal temperatures 
are most apt to be superconductors at 
low temperatures. Frohlich and Bar¬ 
deen rcasonwl that since these metals 
have a strong scattering effect on elec¬ 
trons at elevated temperatures, they 
should have a strong ordering effect on 
electrons when the vibmtions of their 
al<)ms and the motions of electrons be¬ 
come coordinated at low temperatures. 
On this reasoning, materials whose vi¬ 
brating atoms interact strongly with elec¬ 
trons sliould become superconductors 
more readily (f.r., at higher tempera¬ 
tures above absolute zero) than those 
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whose atoms interact weakly with elec¬ 
trons. As a corollary, the heavier the 
element, the less likely it is to become a 
superconductor, because its low-tem¬ 
perature vibrations will be compara¬ 
tively slow. Frohlich predicted that 
light isotopes of an element would be¬ 
come superconducting sooner (at high¬ 
er temperatures) than the heavier ones, 
and this proved to be true. 

Recently Bardeen, Leon N. Cooper 
and J. Robert Schrieffer at the University 
of Illinois worked out a more complete 
new theory. It yields a correct descrip¬ 
tion of properties of a superconductor, 
but there is still some question about the 
mathematical rigor of its treatment of 
the magnetic effect. 

Tn 1950 John K. Hulm and I decided 
^ to try an entirely different approach. 
Since the theories offered no dependable 
means of predicting just what sub¬ 
stances might be superconductors, or at 
what temperatures they would reach 
this state, we set out to find supercon¬ 
ducting materials strictly by experiment. 
Our hope was that after we had tested 
a large number of substances, we might 
begin to see a pattern which would 
identify some of the physical and chem¬ 
ical properties associated with super¬ 
conductivity. 

Having almost no clues as to where 
to look, we tried one compound after 
another. At first wc seemed to be get¬ 
ting nowhere. But after three years of 
testing a great number of compounds a 
crucial fact began to emerge. It ap¬ 
peared that the decisive factor deter¬ 
mining how readily a substance would 
become superconductive was the num- 
l>er of valence electrons possessed by its 
atoms^valcncc electrons being those in 
an outer unfilled shell. Wc found that 
the only substances which became 
superconducting were elements or com¬ 
pounds with an average of bchvecn two 
and eight valence electrons per atom. 
And within this range the materials with 
an odd number of valence electrons 
per atom—three, five or seven—become 
superconducting most easily (farthest 
al>ove absolute zero). 

Here is the kind of rule we have been 
looking for. Wc now have a specific 
guide to finding or synthesizing super¬ 
conductors. We should seek substances 
with an average of three, five or seven 
valence electrons per atom. To this rule 
we can add a few other helpful clues: it 
is known, for instance, that supercon¬ 
ductivity is favored by certoin kinds of 
crystal structure and by the amount of 
empty space in the crystal (f.e., space 




SUPERCONDUCTING ELECTRONS (uvify lines at top) interact in an orderly way wiih 
atoms {dots} in a cryMol. Ordinary ronducling electrons (6oilom) are deilected by 
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not occupied by atoms). 

With these empirical rules to steer u5« 
we have been able to produce many 
superconducting materials. I shall il* 
lustrate with a few particularly striking 
examples. 

rare element technetium, found 
^ only js a product of uranium fission 
in atomic reactors, has seven valence 
electrons and a crystal structure favor¬ 
able for superconductivity. John G. 
Daunt and James W. Cobble at Ohio 
State University had found that tech¬ 
netium does, in fact, become a super¬ 
conductor at a relatively high tem¬ 
perature—11 degrees Kelvin. Now the 
elements before and after technetium in 
the periodic table, are, respectively, 
molybdenum and ruthenium. Ruthe- 
nium, with eight valence electrons, has to 
bo c<x)led to within half a degree above 
zero to become superconducting. Molyb¬ 
denum, with six valence electrons, can¬ 
not be made superconducting at all at 
the lowest attainable temperature 
(around one tenth of one degree above 
absolute zero). But if we make an alloy 
composed of equal parts of molybde¬ 
num and nithenium, so that the average 
number of valence electrons per atom 
is seven and the crystal structure is 
identical with that of technetium, the 
combination becomes superconducting 
at 10.6 degrees—almost exactly the same 
as technetium's transition tcmperaturel 

Molybdenum can be made a super¬ 
conductor by dissolving in it a little 
rhodium, which has nine valence elec¬ 
trons and therefore raises the average 
number in the mixture to slightly more 
than molybdenum's six. The same is 
true of tungsten, which like molybde¬ 
num has six valence electrons and will 
not become superconducting alone. \Vc 
have produced many different super¬ 
conductors bv alloying molybdenum or 
tungsten with other elements, such as 
columbium (niobium), phosphonis, an¬ 
timony or boron. 

It is even possible to make a super¬ 
conductor bv combining two elements 
which by themselves are totally unfitted 
for this property. A good example is the 
combination of silicon and cobalt. Sili¬ 
con. of course, is not a metal or a con¬ 
ductor of eh^tricitv. Cobalt has two 
<)ualitics which completely disqualify 
it for superconductivity: it has nine 
valence electrons and is strongly mag¬ 
netic, Yet when silicon and cobalt are 

combint'd in a cubic crvstal structure, 

• 

thcN become a superconductor, because 
the silicon neutralizes cobalts mag¬ 
netism and reduces the average number 
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TRANSITION TEMPERATURE, or temperature at wbieh a substance becomes supercon* 
ducliDff it related to the number of itt valence electrons. The Iraneition temperature of 
lanthanum (La) it 447 degrees Kelvin; of thorium (Th), 149 degrees; of xirconium iZrK 
•7 degrees; of titanium (Ti), 43 degrees; of hafnium (Hf), 4$ degrees; of niobium (Nb), 
8 degrees; of vanadium (V), 5.1 degrees; of tantalum (Ta)« 4.4 degrees; of uranium <U), 
A degrees; of technetium (Tc), 11 degrees; rhenium (Re), 1.7 degrees; osmium (Os), .71 
degrees; ruthenium (Rn), .47 degrees. Only one group of 13 superconducting elements is 
shown. There is o second group of 10 elements, and o Urge number of compounds and alloys. 


of valence electrons per atom to the 
appropriate range. 

Again, we can employ another type 
of manipulation based on the fact that 
crystal bulkiness promotes supercon¬ 
ductivity. There is a compound of nickel 
and arsenic which has a favorable crys¬ 
tal structure and a favorable valence- 
electron number, yet it fails to become 
superconductive as we would expect. 
What we did in this case was to replace 
half the nickel with the bulkier atoms 
of palladium, and this mixture then be¬ 
came a superconductor. 

We found that the most favorable 
crystal structure for superconductivity 
was the one called the beta-tungsten 
structure^a cubic arrangement of eight 
atoms which makes the crystal bulky, 
with considerable space between some 
of the atoms. Compounds with this 
structure and a valcnce-electron average 
between 4.5 and 4.75 per atom proved 
to be particularly disposed to become 
superconducting. On that basis we de¬ 
duced that a compound of tin and co- 
lumbium should reach the supercon¬ 
ducting state at a comparatively high 
temperature. It turned out that this 
compound could be made and did in 
fact become a superconductor at slightly 
above 18 degrees Kelvin—the highest 
transition temperature yet found. 

can conceive of substances that 
may have transition temperatures 
as high as 30 degrees, but so far we 
have not succeeded in making stable 
compounds with the necessary specifica¬ 
tions. At all events, transition tempera¬ 
tures such as 18 degrees already bring 
us into a range where we can begin to 
envision putting superconductors to 
work in a practicable way. Cooling ap- 
pari'itiis for maintaining materials at 
these temperatures by the use of cold 
helium gas or liquid hydrogen is com¬ 
mercially available. We can now con¬ 
sider employing superconductors for 
sensitive electrical measuring instru¬ 
ments, switches, computer memory de¬ 
vices, resonating chambers in radio 
er]U)pment and perhaps even transmis¬ 


sion lines, say from the antenna to the 
amplifier of a radio telescope. In all 
these devices a superconductor would 


make it possible to handle extremely tiny 
currents or signals %vithout any loss of 
their energy. 
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THE STRUCTURE OF THE NUCLEUS 


by Maria G. Mayer 


The electrons in an atom tend to occupy distinct shells. What 
about particles in the nucleus? The "magic numbers" of the 
isotope chart suggest that they also have a shell arrangement. 


N O one has ever seen* nor prob¬ 
ably ever will see* an atom, but 
that does not deter the physicist 
from trying to draw a plan of it, with the 
aid of sucn clues to its structure as he 
has. He needs to construct at least a 
rough hypothetical model of the atom 
a starting point for attempting to under¬ 
stand its behavior. For the atom as a 
whole modem physicists have developed 
a useful model based on our planetary 
system: it consists of a central nucleus, 
corresponding to the sun, and satellite 
electrons revolving around it, like plan- 
ets, in certain omits. This model, al¬ 
though it leaves many questions still 
unanswered, has been helpful in ac¬ 
counting for much of the ooserved be¬ 
havior of the electrons. The nucleus it¬ 
self, however, is very poorly understood. 
Even the question of how the particles 
of the nucleus are held together has not 
received a satisfactory answer. 

Recently several physicists, including 
the author, have independently sug¬ 
gested a very simple mwcl for the nu¬ 
cleus. It pictures the nucleus as having 
a shell structure like that of the atom as 
a whole, with the nuclear protons and 
neutrons grouped in certain orbits, or 
shells, like those in which the satellite 
electrons are bound to the atom. This 
model is capable of explaining a surpris¬ 
ingly large number of the known facts 
aMut the composition of nuclei and the 
behavior of their particles. 

Let us consider first the shell structure 
of the electrons, from which our nuclear 
model derives. The modem exploration 
of the atom began with the experiments 
of Ernest Rutherford at Cambridge Uni¬ 
versity early in this century. Rutherford s 
main experiment consisted in shooting 
high-spe^ alpha particles, the nuclei of 
hrdium atoms, through metal foils. The 
physicist-writer George Camow has lik¬ 


ened this experiment to the strategy of 
an overworked South American customs 
inspector who adopted the expedient of 
shooting revolver bullets into bales of 
cotton as a quick method of finding out 
whether they contained contraband 
arms. (His bullets must have been shot 
from a revolver of very high muzzle 
velocity to penetrate the bales, but this 
small detail hardly destroys the analo¬ 
gy.) If the bale containea only cotton, 
the bullets would pass through in ap¬ 
proximately a straignt line. If, nowever, 
the bale containea metal arms, some 
bullets would ricochet off them and be 
deflected at a wide angle. Rutherford 
found in his experiment that most of the 
alpha particles passed through the metal 
foil with no appreciable deflection in 
angle, though or course they were slowetl 
down. But a certain small proportion of 
his projectiles were markedly deflected. 
From tnis it could be concluded that the 
greater part of the metal foil consisted 
of light cottonlike material, and that the 
foil also contained some heavN* small 
targets capable of exerting very strong 
forces on the alpha particles. 

It was essentially from this experi¬ 
ment that the modem concept ot the 
planetary atom emerged. The heavy tar¬ 
gets that deflected some of Rutherford^s 
projectiles were the nuclei of atoms. Al¬ 
most all the mass of an atom is concen¬ 
trated in this small, positively-charged 
nucleus. The diameter of the nucleus is 
only about a hundred thousandth that of 
the whole atom. The remaining space in 
the atom is almost empty, and in this 
space the electrons move in their orbits. 
Most of Rutherford's alpha particles 
never came close to a nucleus, but they 
encountered many of the light electrons 
as they passed through the outer spaces 
of the atoms and were thereby slowed 
down. 


W ITH the leads furnished by Ruther¬ 
ford's experiments and by the 
quantum theory. Niels Bohr and other 
physicists went on to establish the fun¬ 
damental laws governing the motion of 
the electrons around the nucleus. In 
these studies they worked with the sim¬ 
ple hydrogen atom, which has only a 
single positive charge on its nucleus and 
a single electron. The hydrogen atom's 
electron mav move in anv one of a dis- 
Crete series of elliptical orbits about the 
nucleus. Under the quantum rule only 
these specific orbits are stable, or “per¬ 
mitted, ' for the electron. The most sta¬ 
ble of the allowed orbits is that of low¬ 
est energy; in this orbit the electron 
Veeps within about one Angstrom unit 
(1/100,000,000 of a centimeter) of the 
nucleus. Here its “angular momentum" 
is zero. Angular momentum is a measure 
of the amount of rotation of a particle 
in an orbit; for a circular orbit it is com¬ 
puted as the mass times the velocity’ 
times the radius of the orbit. \\Ticn 
measured in appropriate units (h/2r, 
with h representing Planck's constant), 
the angular momcnt\im of a permiltecl 
Bohr orbit is always a whole number. At 
the next higher level of energy an elec¬ 
tron is allowed any one of four possible 
orbits. One of these has zero angular 
momentum; the other three all have an 
angular momentum of one unit but dif¬ 
fer in the direction of the angular mo¬ 
mentum vector. At still higher energy 
levels the electron may have more than 
four allowed orbits. 

Besides revolving around the nucleus, 
the electron also spins on its own axis, 
just as the earth has a daily rotation in 
addition to its motion arovind the sun. 
The electron's spin can take one of two 
directions. This effectively doubles the 
number of permitted motions, or kinds 
of orbit, for an electron, since in any 
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given orbit it may spin in one direction 
or the other. The angular momentum of 
the electrons own spin is a half*unit. 

In an atom heavier than hydrogen, 
i.c., with more than one electron, the 
electrons* motions are of course more 
complicated. Just as the orbit of the 
earth around the sun is distorted from a 
perfect ellipse by the gravitational effects 
of the other planets, so the motion of 
each electron around the nucleus of a 
heavy atom is influenced by the presence 
of the other electrons. To some extent, 
however, these effects can be averaged 
and the motion of a single electron can 
be considered to be governed by the 
averaged field of force from the nucleus 
and the other electrons. A further factor 
that must be noted is the famous Pauli 
exclusion principle: namely, that two 
electrons can never exist in exactly the 
same orbit of the same magnitude and 
direction of orbital angular momentum 
and with their spins in the same direc¬ 
tion, 

might liken the electronic struc- 
W hire of an atom to that of an apart 
ment house. The ground floor, or orbit 
of lowest energy, which is the most dc* 
sirahle from the eicctxon's point of view, 
has a single apartment. Two electrons of 
opposite spin can occupy it. The second 
floor contains four apartments, one of 
which is at a slightly lower level than 
the others. This one has zero angular 
momentum, while the other three nave 
one unit of angular momentum. Each of 
these four apartments likewise can be 
occupied by two electrons of opposite 
spin. TIjus the apartment house rises, 
level hy level, with a certain number of 
apartments at each level, each available 
for occupancy by a pair of electron.^- The 
atomic physicist has <lcsignated the lev¬ 
els (or orbits or shells or whatever one 
[)leases to call them) by a system of 
numbers and letters; the letters repre¬ 
sent the ofjergy levels in terms of angu¬ 
lar momentum. The letter s stands for 
zero angular momentum; p for one unit 
of angular momentum, d for 2. f for 3. 
and so on. Thus the ground floor, the 


lowest orbit that can be occupied by the 
hydrogen atom's electron, with zero an* 
gular momentum, is called Is; the next 
orbit, that of the depressed second*floor 
apartment with zero angular momentum, 
is 2s; the next, occupied by the three 
second*floor apartments with one unit of 
angular momentum, is 2p, and similarly 
up through the higher orbits. 

Now it turns out that atoms are hap¬ 
piest and most stable when all the apart¬ 
ments at a given level are fully occupied 
by electrons; they do not like vacancies. 
For example, the single electron of the 
hydrogen atom is lonely and restless in 
its Is apartment, which as we have seen 
has room for two electrons. Hydrogen 
readily loses its electron, thereby oe- 
coming a positive ion, or picks up a 
roommate for its lone electron, forming 
a negative ion. Hydrogen, in other 
words, is a very reactive element; it 
easily enters into chemical combinations 
w'ith other atoms. In contrast, (he helium 
atom, with hvo electrons, is extremely 
stable. Its hvo electrons fill the Is apart¬ 
ment and form a closed system. There 
is no room for more electrons in this 
orbit, and the two electrons are held so 
tightly by the hvo positive charges in 
the atom's nucleus that they arc not 
easily separated from it. As a result 
helium does not react or combine with 
other elements. The same is true of the 
four other ''noble" gases in the periodic 
table of elements-neon, argon, Icrypton 
and xenon. Each of these has a closed 
outer slicll, fully occupied by electrons, 
and does not form ions easily or enter 
into chemical combinations. Indeed, the 
stability of the five noble gases is so re¬ 
markable that their atomic numbers—2, 
10, 18, 36 and 54-may be called the 
"magic numbers" of the periodic table. 

This picture of the atom's electronic 
structure has been enormously useful to 
chemistry; by means of it chemists have 
been able to group the elements in fami¬ 
lies and predict their chemical behavior. 
But it tells us little or nothing about the 
structure of the nucleus. The only piece 
of infonnation an atom's chemical activ¬ 
ity gives us about its nucleus is the num¬ 


ber of positive charges, or protons, it 
contains. The chemical nature of the 
atom is determined by the number of its 
electrons. We know that if an atom has 
a certain number of electrons, it must 
have the same number of protons in its 
nucleus to hold them. But now the pro¬ 
tons themselves are held together, now 
they interact with one another and Nvilh 
the uncharged neutrons also present in 
the nucleus-these are the great myster¬ 
ies of nuclear physics. 

The forces that bind (he nucleus to¬ 
gether are very great—millions of times 
greater than those that bind electrons 
to the nucleus. We do not know how 
these forces are created. And even if we 
understood them completely, we would 
still be confronted with the tremendous 
difficulty of solving a many-body prob¬ 
lem, i.e., calculating the results of these 
forces upon a large number of protons 
and neutrons that interact with one an¬ 
other strongly and at extremely short 
range within the nucleus. The problem 
has seemed so hopeless that nuclear 
physicists have preferred to treat the 
nucleus as a "liquid drop," in which the 
protons and neutrons essentially lose 
their identity. (This approach has been 
very fniitful, particularly in studying 
high-energy phenomena in the nucleus.) 

Yet it is possible to discern some rather 
remarkable patterns in the properties of 
particular combinations of protons and 
neutrons, and it is these patterns that 
suggest our shell model for the nucleus. 
One of these remarkable coincidences is 
(he fact that the nuclear particles, like 
electrons, favor certain ^magic num¬ 
bers." 

E very nucleus (except hydrogen, 
which consists of but one proton) is 
characterized by two numbers: the num¬ 
ber of protons and the number of neu¬ 
trons. The sum of the hvo is the atomic 
weight of the nucleus. The number of 
protons dctcm^incs the nature of tlie 
atom; thus a nucleus with two protons 
is always helium, one with three protons 
is lithium, and so on. A given number of 
protons may, however, be combined 



THE ClIAin OF THE ISOTOPES reveals seven 
“niugic number^ ' <rou5 shoilrd rod and hlack\. Each 
i^olo|)e in r^|*ro^enled h\ a l>hM‘Js '(juarc. E;m h row out¬ 


lined hy black linc^) includes nuclei with tlie same num* 
her of protons, i.e., isotopes; each row enclosed in red 
lines shows nuclei w ith same tuiinber of neutrons. Since 
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Nvilh varying numbers of neutrons, fomi- 
ing several isotopes of the same element. 
Some isotopes are stable; others decay 
by radioactivity. Some of the stable 
isotopes readily add a neutron; others 
are much less inclined to do so. 

Now it is a very interesting fact that 
protons and neutrons favor even-num¬ 
bered combinations; in other words, both 
protons and neutrons, like electrons, 
show a strong tendency to pair. In the 
entire list of some 1,000 isotopes of the 
known elements, there are no more than 
six stable nuclei made up of an odd num¬ 
ber of protons and an odd number of 
neutrons. The other odd-odd nuclei 
break down radioactively by emitting a 
negative or positive electron; this change 
in charge transforms a neutron into a 
proton or a proton into a neutron and 
creates a more stable even-even com¬ 
bination of protons and neutrons. 

Moreover, certain even-numbered ag¬ 
gregations of protons or neutrons are 
particularly stable. One of these magic 
numbers is 2. The helium nucleus, with 
2 protons and 2 neutrons, is one of the 
most stable nuclei known. The next 
magic number is 8, representing oxygen, 
whose common isotope has 8 protons 
and 8 neutrons and is remarkably stable. 
The next magic number is 20, that of 
calcium. Calcium, with 20 protons, has 
6 stable isotopes, ranging in neutron 
number from 20 to 28. Tnis is an un¬ 
usually large number of stable isotopes 
for the lower region of the periodic 
table. 

Among these light elements the rela¬ 
tive stability can be determined very 
accurately in terms of binding energy. 
The net mass of a nucleus is always 
smaller than the combined masses of tne 
protons and neutrons of which it is com- 

f »osed. The binding cner^ is calculated 
rom this *^mass aefeer by means of 
Einstein's famous relation E=mc^ with 
m representing the mass defect and c 
the velocity or light. Such calculations 
show conclusively that the nuclei with 
the magic numbers 2, 8 and 20 have 
much greater binding energies than their 
neigh^rs. But for the heavier elements 


above calcium the binding energies are 
not accurately determined, and we must 
judge their relative stability by indirect 
eviaence. One such piece of evidence is 
the number of stable (t.e., nonradio- 
aedve) nuclei that are found to exist 
with a given number of protons or neu¬ 
trons. Another is the relative abundance 
of a given nucleus in the universe, since 
it seems reasonable to assume that the 
most abundant isotopes are the most 
stable. 

By these tests the number 50 joins the 
list of magic numbers. Tin, with 50 pro¬ 
tons, has 10 stable isotopes, more man 
any other element, and it is much more 
abundant than neighboring elements in 
the periodic table. The same is true, to a 
somewhat lesser degree, of the number 
28. Another magic number is 126: an 
isotope with 126 neutrons holds them 
much more strongly than one with 127 
or 128. Perhaps t\\e most remarkable 
magic number of all is 82. There are 
7 stable nuclei containing 82 neu¬ 
trons, ranging from isotopes of xenon to 
samarium. The barium isotope with 82 
neutrons accounts for 72 per cent of the 
abund.ince of that element, and cerium s 
82-neutron isotope represents 88 per 
cent of all the cerium. Finally, 82 pro¬ 
tons means lead, and lead is the stable 
end-product of the decay of all the heavy 
radioactive elements that may be found 
in nature. 

There are other indications of the spe¬ 
cial stability of these magic numbers. 
For instance, nuclei containing 50, 82 
or 126 neutrons do not like to add an 
extra neutron: their absorption cross- 
sections for fast neutrons are smaller by 
several factors of 10 than those of an 
average nucleus of nearly the same 
weight. 

T he list of magic numbers, then, is: 

2, 8, 20, 28, 50, 82 and 126. Nuclei 
with these numbers of protons or neu¬ 
trons have unusual stability. It is tempt¬ 
ing to assume that these magic numbers 
represent closed shells in me nucleus, 
like the electronic shclb in the outer part 
of the atom. To be sure, the electronic 


shells form a more distinct dividing line 
than those in the nucleus: the last elec¬ 
tron in a closed sheU is held to the atom 
at least three times as strongly as the 
last electron in an unfilled shell, whereas 
in nuclei the energy difierence is at most 
50 per cent. Yet Ine situations seem suf¬ 
ficiently similar to justify exploring the 
possibility that the nucleus may be tied 
together in much the same kind of shell 
structure as the electrons. 

There is another kind of evidence that 



NUCLEAR POTENTIALS are 
represented as “wells.” A well with 
round edges agrees with magic num¬ 
bers better tlian one with square. 

supports this shell-structure hvpothesis. 
It has to do with the spin of the nucleus. 
Many nuclei apparently spin about their 
axes like a top, just as the earth and elec¬ 
trons do. Since the nucleus carries a 
charge, its rotation corresponds to an 
electric cunent, and it behaves like a 
tiny magnet. The result is known as the 
magnetic moment of the spinning bodv. 
The spins and the magnetic moments of 
nuclei and of their building blocks, the 
neutron and proton, can be meosurwl. 
It turns out that the spin of nuclei, like 
that of electrons, is ^'quantiztKl'*: that 
is. when measured iu the same units 
(h/27r) it is always a whole numl)er or 
half a w'hole number. The spin of the 
proton and of the neutron has been de- 





mmm: 


the number of protona is the same as the atomic number, 
the name of each element is given above the number of 
protons. The nuclei that contain 2,8,20,28,50,82 or 126 


protons or neutrons are unusually stable: these are the 
magic numbers. The chart is not carried beyond bisnnith: 
that is the last element to which magic numbeo □pply* 
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MARGENAU CHART of nuclear energy levels supports the shelhslruclurc 
hypothesis in part. The first three numbers in column at right match the 
magic nuinhcrs. The next four do not; at this point the scheme breaks down* 


ORBITAL ANGULAR 
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SHELL 
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MAYER CHART accounts for the discrepancies liy introducing the spins of 
nuclei {jroctions in the center column) ,^'S\nn-orhiX coupling’’splits the close* 
lying levels apart and creates energy gaps uherc the magic numhers occur* 


termined to be l/2*unit. Their magnetic 
moments* measured in units call^ nu¬ 
clear magnetons, also have been accu¬ 
rately determined. The spins of nuclei 
with an odd number of particles are all 
half of some whole odd number (e.g., 
1/2, 8/2, 5/2 and so on), and the ^ins 
and magnetic moments of nuclei with an 
even number of protons and of neutrons 
are zero. 

Now it is a very surprising fact, not 
expected from the general theory of the 
nucleus, that two isotopes with tne same 
odd number of protons but different even 
numbers of neutrons behave very sim¬ 
ilarly. They have the same spins, nearly 
the same magnetic moments and fre¬ 
quently the same kinds of excited states* 
Take, for example, the 2 isotopes in¬ 
dium 113 and indium 115. Each nas 49 
protons, but one has 2 neutrons more 
than the other* Yet both have spins of 
9/2, and their magnetic moments are 
very close in value-5.461 and 5.475 nu¬ 
clear magnetons, respectively. The extra 
pair of neutrons in the second isotope 
does not seem to affect these nuclear 
properties; in other words, the spins and 
magnetic moments in this case appear 
to M due only to the protons. On the 
other hand, a nucleus with 49 neutrons 
and an even number of protons (e.g., 
stTontium-87) also has a spin of 9^, 
though not the same magnetic moment 
As far as nuclear spin goes, 49 neutrons 
behave just like 49 protons. This seems 
to be tne general rule for the lighter 
isotopes of mass number less than 120. 

On the basis of these observations the 
German physicist T* Schmidt many years 
ago made the radical suggestion tnat it 
is not the nucleus as a w^le that spins. 
Instead, in nuclei with an odd number 
of particles the properties of spin and 
magnetic moment are due entirety to the 
last odd particle, be it a proton or a neu¬ 
tron. The structure of oad nuclei is thus 
pictured very simply. The nucleus has a 
spherically symmetrical core of an even 
number of neutrons and protons. The 
core has no spin. Around it revolves the 
last odd particle. Its motion alone deter¬ 
mines the spin and magnetic moment of 
the nucleus. 

It is curious to find that, as the evi¬ 
dence of the magic numbers and of the 
niicloar spins suggests, protons and neu¬ 
trons behave with considerable inde¬ 
pendence of each other in the nucleus. 
Such independence is unexpected from 
the standpoint of current nuclear theory. 

The angular momentum of a particle s 
orbit alone is always a whole number. 
But the particle's total angular momen¬ 
tum is the sum of its orbital momentum 
and its own spin. Hence the total angu¬ 
lar momentum of a nucleus always has a 
half-integer value, since proton*" and 
neutrons, just as electrons, spin about 
their own axes with an angular momen¬ 
tum of 1/2. This spin can^ parallel or 
anti-parallel to the orbital angular mo- 
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SPIN and orbital angular momentum are depicted in 
thia diagram. The spin is indicated by the circular 

menhun; that is, it can be directed so as 
to add 1/2 or to subtract 1/2 from the 
orbital angular momentum. Consequent¬ 
ly a measured ^in can correspond to 
either of two different orbits. 

That such a picture is not too far from 
the truth is borne out by the measured 
values of magnetic moments. From this 
simple model it is possible to compute 
the theoretical magnetic moment of a 
pven nucleus. The agreement between 
flie predicted and measured magnetic 
moments is reasonably good. 


T hus the spins and magnetic mo¬ 
ments lead to a description of the 
nucleus in terms of orbits of single par¬ 
ticles. One can then picture the builaing 
of the structure of pie nucleus as the 
gradual filling up of single-particle orbits 
by neutrons and protons, in the same 
way as electrons build the atom. The 
single-particle orbits for one nuclear par¬ 
ticle are determined by the average neld 
of the others. The orbits can be de¬ 
scribed by the letters used to designate 
the quantized orbital angular momen¬ 
tum of electrons: s = 0, p=l,d = 2, f=3, 
g=4, h = 5, i = 6. Since neutrons and 
protons obey the Pauli principle, the s 
level has room for just two protons and 
two neutrons, as in the case of electron 
orbits; the p level has room for six, and 
so on. In this scheme the magic numbers 
should corre^nd to closed shells; that 
is, they should indicate the boundaries 
where one level is filled and the next 
level is appreciably higher. 

The order of levek, or the number of 
particles in a level, depends on the form 
of the nuclear potential. The simplest 
guess we can make about the potential 
is to compare it to a well: no force is 
acting on a particle outside the well 
(i.e., outside the spherical nucleus), 
and none inside. But at the edge of 
the well (at the surface of a spherical 
shell) a strong attraction takes place. 
The change in attraction may be more 
or less abrupt. A series of very abrupt 
transitions would be represented by a 
well with srjuare edges; a more gradual 
transition by a well with rounded edges. 

The structure of levels that would ob¬ 
tain if the well had square edges has 


been calculated by the Yale University 
physicist Henry Margenau. The result is 
shown in the table at the top of page 
230. It gives the number of neu¬ 
trons or protons each level can hold and 
the cumulative numbers that fill .all the 
levels up to a given point. The same 
t)me of calculation for wells with round- 
w edges divides each level into two or 
more levels of the same or nearly equal 
energy; in the table these closely ad¬ 
jacent levels are grouped together, with 
breaks between the gaps. 

This scheme explains perfectly the 
smaller mane numWrs, up to 20. The 
lowest level can contain no more than 
hvo particles. The next level, or p-shell 
with angular momentum 1, has three 
different orbits, each of which can be 
occupied by two nuclear particles with 
opjwsite spin. These six particles in the 
p-shell, plus the two in the ground state, 
correspond to the stable form of oxygen 
with eight neutrons and eight protons. 
The next two levels. Id and 2s. which 
lie close together, have room for 12 
more nuclear particles, and these bring 
us to the magic number 20. 

From here on the scheme seems to 
break down. In this table there is no 
sign of the magic numbers 28, 50, 82 
and 126. It is possible, however, to ar¬ 
rive at them by taking into account an 
effect which is very small and uninjpor- 
tant for electrons but apparently not for 
nuclear particles. 

A nuclear particle can align its own 
1 /2-unit spin parallel or anti-parallel with 
the angular momentum of its orbit. Thus 
its total angular momentum can be the 
orbital angular momentum plus 1/2 or 
minus 1/2. This splits its orbit into hvo 
possible levels. There is a considerable 
difference of energy beUveen these two 
levels, brought about by what is called 
"spin-orbit coupling.” The strength of 
the (»upling increases with increasing 
angular momentum, and one would ex¬ 
pect it to decrease with increasing size 
of the nucleus. Consequently the great¬ 
est split in such a pair of levels should 
occur at the beginning of a group of 
closely adjacent shells, where relatively 
high angular momentum is combined 
with a rdatively small nucleus. Suppose 


arrow above the particle. The orbital angular momen¬ 
tum 18 the mass of the particle times R limes V. 


that a wide split of this kind occun: at 
the Ig level. Then it is no longer correct 
to treat the Ig level as a single level with 
room for 18 particles. Instead, it will 
divide into two levels with room for 10 
particles in its lower level. This lower 
level will be depressed toward the next 
lower group, consisting of the 1 f and 2p 
shells, as listed in the Margenau table. 
The 10 particles, added to the -40 up to 
that point, make the magic numlier 50. 
Above this there is an cnerg\' gap. cre¬ 
ated by the spin-orbit coupling. 

The table at the bottom of page 230 
shows how the variou.s levels are revised 
when allowance is made for spin-orbit 
coupling. Now the larger magic numbers 
come into the scheme; they all occur at 
the places where spin-orbit coupling luas 
its Neatest effect. 

This level scheme is in excellent agree¬ 
ment with the observed spins and mag¬ 
netic moments of odd-numbered nuclei. 
Among the approximately 90 spins and 
73 magnetic moments that have been 
me.asurcd so far there are only four se¬ 
rious disagreements with the theoiy. 

^HE shell model can e.xplain other 
- 1 - features of nuclear behavior, includ¬ 
ing the phenomenon known as isomer¬ 
ism, which is the existence of long-lived 
excited states in nuclei. Perhaps the most 
import.mt application of the model is in 
the study of beta-decav. i.e., emission of 
an electron by a nucleus. The lifetime of 
a nucleus that is capable of emitting an 
electron depends on the change of spin 
it must undergo to release the electron. 
Present theories of beta-decay are not in 
a ver\' satisfactory state, and it is not 
ea.sy to check on these theories bec.mse 
only in a few cases are the states of radio¬ 
active nuclei known. The shell motlel 
can help in this situation, for it is cap¬ 
able of predicting spins in c;ises in which 
th^' have not b«n measured. 

Certainly the simple model dcscrilied 
here falls short of giving a complete and 
exact description of the structure of the 
nucleus. Nonetheless, the success of the 
model in describing so many features of 
nuclei indicates that it is not a b.ul ap- 
pro.ximation of the truth. 
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THE TEACHING OF 
ELEMENTARY PHYSICS 


by Walter C. Michels 

To give more students a better understanding of the nature 
of physical science, a new approach to high school physics 
is evolving. Its main feature: emphasis on basic principles. 


I n the public discussion that has fob 
lowed the Russians* launching of 
their satellites, the word *"physics** 
has probably occurred almost as often as 
^"satellite,** ^'rocket” or “missile.** Many 
speakers and writers have implied that 
the technological progress of the U.S.S.R. 
can be attributed entirely to the fact that 
even high*schooI graduates there have 
had some 12 years of study in mathema¬ 
tics and six in physics. It seems to fol¬ 
low that all the U. S. needs to do to re¬ 
gain undisputed scientiRc and techno¬ 
logical leadership in the world is to 
introduce more physics courses and 
mathematical instruction into its schoob. 
Like all panaceas, this cure for our ills 
has the attraction of simplicity. It has 
the further attraction of potent medi¬ 
cine, because physics and mathematics 
are considered Tiard** subjects and we 
still retain some of the atavistic belief 
that unpleasant medicines are especially 
cffcctive-particulajly when our chil¬ 
dren, rather than we, take them. 

But before we rush into a program 
designed only to persuade more students 
to take more physics, it may pay us to 
examine physics instruction in the con¬ 
text of American education as a whole, 
to ask what we want it to accomplish 
and to estimate whether improvement in 
quantity or in quality is the more im¬ 
portant. 

At present, between one fifth and one 
fourth of the students graduating from 
high schools in the U. S. have taken a 
course in physics. This is almost the 
same as the proportion of high-school 
graduates who go on to college. The 
agreement is more than coincidental— 
most of the leading colleges either re¬ 


quire or strongly encourage some prepa¬ 
ration in physics. The engineering 
schools, which are the first choices of 
about one quarter of all the boys in the 
college preparatory group, almost in¬ 
variably require physics for admission. 
Thus a large percentage of the students 
who take physics in high school are a 
“captive audience,** in the sense that 
they are required to pass the course to 
get into college. 

Much of the argument for bringing 
more students into secondary-school 
physics courses seems to be based on the 
idea that this will ultimately produce 
more scientists and engineers. It is diffi¬ 
cult to predict the extent to which this 
recruiting effort, even coupled with of¬ 
fers of college scholarships, will suc¬ 
ceed. Motivational factors and tempo¬ 
rary fluctuations in the demand for 
professional workers may well be more 
mwerful influences than educational of¬ 
ferings in shaping the careers of young 
men and women. Some increase in the 
number of available engineers and scien¬ 
tists will undoubtedly result from pres¬ 
ent pressures and from Federal support 
of education; yet we may be disap¬ 
pointed in the results if we set this in¬ 
crease as our only, or even our primary, 
goal. 

Many scientists and some of our best 
educators believe that there is a more 
important reason to increase emphasis 
on physics in the schools. They believe 
that our educational system is failing to 
give most of our population an adequate 
understanding of the nature of physical 
science and of its role in the economic, 
political and cultural life of the 20th 
century. George Stewart, in his book 


Men—An Autobiography, points out that 
mankind*s way of life has changed more 
since 1700 than it had from prehistoric 
times to that date. Our economy of 
abundance, our increased leisure with 
its cultural benefits, our rapid communi¬ 
cation systems with their effect on inter¬ 
national relations, our increasing abilit)* 
to employ nature for our own ends—all 
of these are direct consequences of the 
ideas and the methods introduced by 
Galileo, Newton and the physical scien¬ 
tists who have stood on the shoulders 
of these giants. An understanding of 
science is as important to the business¬ 
man, to the lawyer, to the statesman or 
to any other citizen as an understanding 
of language or literature or of political 
and military history. Ph)'sics is the most 
basic of the natural sciences. For this 
reason, the study of physics is essential 
to the education of all of the population. 
The future rests not so much on the 
number of engineers and scientists pro¬ 
duced each year as it does on the intel¬ 
lectual and cultural climate in which 
they work, and this, in turn, will be de¬ 
termined by our success or failure in 
making physical science a significant 
part of general education. 

Today’s Physics Courses 

Physics, like any other subject, can 
contribute whatever the student is will¬ 
ing and able to take—amlhing from tnie 
understanding down to mastery of a few 
facts to be regurgitated on an examina¬ 
tion. The quality of the course itself will 
depend on the textbook, on the labora¬ 
tory aids available and, most of all, on 
the ability of the teacher. A truly able 
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teacher possesses both a knowledge that 
goes well beyond the level at which he 
is teaching and an understanding of the 
people he is teaching. From the first of 
these he draws illustrative materials and 
constantly changing methods of presen¬ 
tation, and so makes his subject interest¬ 
ing and exciting enough to fire the 
imagination of his students. The second 
quality allows him to tailor his approach 
to the mental abilities of the students and 
to choose the phrase or the illustration 
that will make his meaning clear or \vill 
untangle a difiicult passage in the text¬ 
book. It is because both of these abilities 
are needed that we are faced with so 
serious a shortage of science teachers. 
We cannot solve the problem by bring¬ 
ing into the classroom scientists with an 
advanced knowledge of their subject but 
with no feeling for leaching, or by as¬ 
signing physics to good teachers who 
know little physics. 

In the best of our schools—those that 
attract good teachers and give them the 
e(]uipmenl and time recjuired for a good 
job-the physics courses contribute to 
the student’s education many things that 
he cannot obtain from other studies. 


Here he learns the basic principles that 
underlie events from the throsving of a 
liaseball to the launching of a satellite; 
he learns to observe phenomena with 
care, to extract from them the parts that 
are most important and to use his ob¬ 
servations to lest a theory. Because the 
phenomena dealt with are simple and 
subject to measurement, he obtains prac¬ 
tice in the analysis of their causes-prac- 
tice which will stand him in good stead 
when he later faces the problem of ana¬ 
lyzing more complicated happenings 
without allowing his prejudices to in¬ 
fluence his interpretation of them. His 
interest in and understanding of algebra 
and geometry are likely to be advanced 
as he sees that these subjects supply 
valuable tools for the description both 
of nature and of the products of modern 
technology. He leanrs to read carefully, 
with the idea that every word in a well- 
written piece of exposition is there for a 
purpose; at the same time, he learns to 
communicate ideas in a clear, succinct 
and unambiguous manner, using graphic 
methods and mathematical descriptions 
as well as words. WTiethcr the student is 
destined to become an engineer, a busi¬ 


nessman, a lawyer or a housewife, he or 
she can be expected to retain these ad¬ 
vantages of the physics course long after 
the detailed facts and the techniques of 
physics are forgotten. 

Few physics courses accomplish all of 
these things, and many fall far short of 
the goals that we have set. One reason 
for their shortcomings is that tradition, 
economic pressure and mistaken ideas 
about the nature of science have given 
us textbooks which sometimes hinder 
rather than help the teacher. The con¬ 
tent of the courses is heavily influenced 
by the fact that a large proportion of the 
students taking them are preparing for 
engineering. These students are inter¬ 
ested in the technical applications of 
physics. The authors of textbooks and 
the teachers are tempted to catch their 
interest by loading the course with 
technology. Some of the textbooks 
abound in pictures and diagrams of Die¬ 
sel shovels, locomotives, gasoline engines 
and automobile transmissions. No one 
can object to the use of practical ma¬ 
chines to illustrate the principles of phys¬ 
ics, but we must protest when the text is 
so overloaded with these illustrations 
that the principles themselves have to 
be treated in a summary fashion, if not 
omitted entirely. Further, many modem 
machines are loo complex to be de¬ 
scribed adecjuately or discussed correctly 
on the basis of the physical knowledge 
^ available to the students. Under these 
" circumstances, too many physics courses 
§ demand only rote memorization of iso- 
“■ lated facts and of formulas into which 
O numbers can be substituted to achieve 
p answers which often mean little to the 
< student who has obtained them. 

3 A second fault of many textbooks is 
X the breakdown of physics into topics or 
“unils”-a misuse of the basically sound 
pedagogical idea that students should 
a 
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2 UNITY OF PHYSICS i» r«flecled in the 
^ drawings on the opposite page, which shows 
2 how ihe branches of physics have converged 
^ lo form the subject that must be taught to* 
K day. The pioneers whose portraits appear 

p here are: Galileo Golilei (I)« Isaac New* 

ton (2), Count Rumford (3), James Pres- 
0 coti Joule (4), Lord Kelvin (S)« Joseph 
Black <6), Rene Descartes (7), Christian 
Huygens (8), Thomas Young (9)^ Augus¬ 
tin Jean Fresnel (10), Benjamin Frank* 
lin (11), Andre Mnrie Ampire (12), Wil¬ 
liam Gilbert (13), Hons Christian Oersted 
(li), Michael Faraday (IS), James Clerk 
Maxwell (16), Hendrik A. Lorentt (17), 
Max Planck (18) and Albert Einstein (19). 



PHO(’RF^S OF CIVILIZATION re<tuircs on increasing proportion of technically trained 
individuals in the population. The graph shows the historical rate of growth of this group. 
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not be confused with too many facts or 
concepts at any one time. The difficulty 
is that the texts rob the units of meaning. 
Sound, heat, light, electricity, magnet¬ 
ism, mechanics and atomic physics are 
discussed separately as if they had little 
or no connection with one another. This 
method of presentation belies the very 
nature of the subject, for the chief thing 
that distinguishes the physical sciences 
from other intellectual activities is the 
existence of a central theory, based on 
a very few simple laws and principles, 
which applies to all phenomena. AJl of 
the particular subjects listed above can 
be closely related on the basis of funda¬ 
mental principles such as the conserva¬ 
tion of energy, of matter and of mo¬ 
mentum. 

Principles v. Applications 

As an example of the failure of the 
piecemeal approach let u$ take one of 
the bulwarks of physics courses-Ohm’s 
law. In the first half of the 19th century 
Georg Simon Ohm of Cennany showed 
that the voltage required to produce a 
steady current in any part of a given 
electric circuit was proportional to the 
current. That is to say, if the current 
maintained in a wire is to be doubled, 
the battery must supply twice as strong 
an “electrical push.** Ohm thus arrived 
at the concept of electrical resistance 
and at the idea that the resistance of a 
conductor depended only on the mate¬ 
rial and dimensions of the wire, not on 
the amount of current flowing in it. We 
now know that Ohm's law holds only 
for special classes of electrical conduc¬ 
tors (e.g., metals). In fact, it is the fail¬ 
ure of Ohms law to apply to the flow of 
electricity in vacuum tubes and in the 
materials known as semiconductors that 
has made all of modem electronics pos¬ 
sible. Yet the typical introductory phys¬ 
ics course leaves a student with the firm 
conviction that Ohm's law is one of the 
most basic principles of physics, or at 
least that he will not pass his final exam¬ 
ination if he cannot substitute numbers 
in the formula: E = IR. If he remembers 
that E is a voltage, I is a current and R 
is a resistance, he will be able to arrive 
at the correct answers to conventional 
examination questions. But if he tries to 
apply Ohm's formula to any circuits 
other than the simple ones in which he 
has been drilled, he will probably go far 
astray, for he has learned only the letter 
of the law, not its meaning. 

Only a few years before Ohm s law 
was discovered, the great principle of 
the conservation of energy (the first law 


of thermodynamics) had been estab¬ 
lished. James Prescott Joule of England 
went on to show that heat, such as that 
present in a kettle of hot water, and 
mechanical energy, such as that carried 
by a rolling stone, were one and the same 
thing. Further, he found that electrical 
energy too was connected with these 
forms of energy. He arrived at the con¬ 
clusion that a current in a wire produced 
heat at a rate which was proportional to 
the square of the current. In the same 
symbols that we have used to state 
Ohm's law, we can write Joule's law as 
H = I-R, where H stands for the rale at 
which heat is produced. 

Joule's law is mentioned in many in¬ 
troductory texts but is seldom given as 
much prominence as Ohm's law. More¬ 
over, it is almost always presented as an 
entirely independent principle, con¬ 
nected with Ohm's law only through the 
fact that both involve current and re¬ 
sistance. Actually Joule's law and Ohm's 
law both express exactly the same thing. 
Either can be derived from the other or 
from the principle of the conservation 
of energy. The electromotive 'Torce" in¬ 
volved in Ohm's law is the energy nec¬ 
essary to move a unit of electrical 
charge from one end of a conductor to 
the other. Combining this concept with 
the fact that the current is merely the 
rate at which electrical charge is carried 
through the conductor, we can state 
Ohm's law as follows: **The energy re¬ 
quired to move a unit of electrical charge 
along the length of any conductor is pro¬ 
portional to the rate at which charge is 
being moved." For conductors that obey 
Ohm's law. Joule's law ako must hold, 
because the rate at which energy must 
be supplied is just the energy per unit 
charge times the rate at which charge is 
moved, that is, it is equal to IR times 1, 
or PR. According to the principle of 
conservation of energy, the energy re¬ 
quired to move the current against the 
resistance of the conductor must either 
be converted to heat or be stored up in 
some form. When the current in a con¬ 
ductor is steady, there is generally no 
way that energy can be stored, so the 
heat given off must be equal to PR, in 
accordance with Joule’s law. 

It is perfectly true that a discussion 
of the relation between Ohm's law and 
Joule's law requires close attention on 
the part of the student. When he has 
grasped the reasoning, however, he will 
have recognized why Ohm's law holds 
only for steady currents. He will also be 
able to apply that law to circuits he has 
never seen before. Most important of all, 
he will realize that the conservation of 


energy is a fundamental principle which 
applies alike to mechanics, to heat and 
to electricity. 

To illustrate further the difference be¬ 
tween teaching the principles of physics 
and merely discussing its application, as 
courses commonly do, let us take an ex¬ 
ample in opdes. The problem is to ex¬ 
plain a virtual image—for instance, the 
image of an object that you see when 
you look at it through a magnifying 
glass. The distinedon between a virtual 
image and a real image (such as is 
formed by a camera lens) is that the 
rays of light do not actually pass through 
the virtual image; rather, the image is a 
displaced projection formed by exten¬ 
sion of straight lines from the eye 
through the points in the lens where the 
light from the object itself is bent by 
refraction [see upper drawing on next 
page]. Now many high-school texts deal 
with this subject mainly in terms of a 
'lens equation" which provides a formu¬ 
la for determining the distances of the 
object and the image and the focal 
length of the lens. The equadon says 
that the reciprocal of the object's dis¬ 
tance from the lens plus the reciprocal 
of the image's distance is equal to the 
reciprocal of the focal length, thus: 
1/u + 1/v = 1/f, The student must 
learn this formula and also a set of rules 
which say that the distance of the ob¬ 
ject behind the lens is reckoned as port- 
tive, but that the distance of the image, 
if it is behind the lens, is expressed by 
a negative number. He may be given a 
problem asking what the dirtance of the 
image from the lens will be when he 
looks at an object through a magnifying 
lens With a focal length of one inch if 
the lens is held three fourths of an inch 
from the object. If ho remembers the 
formula and the rules correctlv, with a 
little algebra he can arrive at the answer 
that i> is equal to minus 3—the image is 
three inches behind the lens. By apply¬ 
ing another formula he can learn that 
the image is four times larger than the 
object being examined. 

The formulas are approximately cor¬ 
rect for simple lenses, and they are in¬ 
deed useful for designers of optical in¬ 
struments. But they arc unlikely to have 
much meaning for a stxident or to con¬ 
vey anything about the process by which 
the image is formed. It is very doubtful 
that his learning to use the formulas con¬ 
tributes appreciably either to his intel¬ 
lectual development or to his under¬ 
standing of light or of lenses. 

Suppose now that the same subject is 
taught in a course that emphasizes phys¬ 
ical principles rather than their apptica- 
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tions. The student may first be asked 
how we know where an object is. After 
learning that from each point on the 
surface of an object rays of light diverge 
in a cone to the eye (a fact discovert 
by Franciscus Maurolycus of Messina in 
the 16th century but seldom empha* 
sized in physics texts), and after study¬ 
ing the law of refraction discovered by 
Willebrord Snell in 1621, the student 
may apply that law to a simple problem 
such as why a coin lying on the bottom 
of a glass seems to rise when the glass is 
filled with water. By a simple drawing 
of the refraction of the light where it 
passes from the water to the air he can 
project the displacement of the virtual 
image, as the illustration at the left 
shows. Having done this, he can extend 
the same process to any lens and locate 
an image by a scale drawing. 

This procedure will probably take 
longer than memorizing and applying 
the lens equation, but it should give a 
student an insight into the behavior of 
light as it passes through a lens, rein¬ 
force his knowledge of the law of re¬ 
fraction and equip him with a method 
that is applicable to all lenses, not just 
to the thin spherical lenses to which the 
simple lens equation applies. 

New Approaches 



^NEI.L S I.AW OK RKfItAC.rJON is illu»trjlrd by brnding of liglil ray ubirb ^►asju's from 
air lo water, jreah ehow .rnglr of inridrnre and ungk of refraction i bottom). 

Ibe index of refraction corrci^pondf^ to the ratio of the length 111* to the length PQ. 


These examples are sufficient to illus¬ 
trate how greatly physics teaching could 
benefit from a new approach. Even a 
good teacher is somewhat at the mercy 
of the current textbooks and of tradi¬ 
tion. A poorly prepared one who has 
been pressed into physics from some 
other .subject has few weapons with 
which to fight the trend. He cannot be 
expected, without more time than is al¬ 
lowed by a busy teaching schedule and 
an overabundance of record-keeping, to 
learn enough about physics to challenge 
the text or to present the subject in an 
enjoyable and exciting way. If physics in 
the schools is to be improved to the 
point that the times demand, we must 
cither find a way of attracting more 
good teachers or we must see that the 
poorly prepared teacher is given help. 

To draw a wider group of students in 
the secondary schools into physics we 
must reduce the number of engineering 
applications tauglit in the course and 
devote the time thus gained to the ideas, 
methods and history of physics. In the 
past, attempts have been made to inter¬ 
est more students by giving **dcscrip- 
tive** courses, which present physical 
phenomena but avoid thc*ory and the 
use of any mathematics beyond arith¬ 
metic or a very' little algebra. Some of 
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these courses, particularly when taught 
with a sense of showmanship, have cer¬ 
tainly been popular. No doubt a descrip¬ 
tive course is better than no course at 
all. But can it give a student the under¬ 
standing of physical nature and of sci¬ 
ence that the times require? The distin¬ 
guishing characteristic of physics is that 
it involves a central theory, of very broad 
validity, in terms of which observed 
phenomena are interpreted and under¬ 
stood. To omit large parts of that theory 
in order to avoid mathematical difficul¬ 
ties is to deny the able student the intel- 
lectual stimulation that is one of the 
prime rewards of education. 

Perhaps good descriptive courses 
should be developed for the benefit of 
the lower half of our expanding high- 
school population, but it is my opinion 
that we cannot afford such courses for 
the able students who promise to become 
the intellectual, political and cultural 
leaders of the future. For this group 
there seem to be two possible answers. 
The first, and best, is to restore solid 
mathematics courses to the required cur¬ 
riculum for all students in college pre¬ 
paratory courses, The time when we can 
afford to suppose that intelligent stu¬ 
dents cannot or will not take a minimum 
of three years of mathematics in high 
school is past. The second solution is to 
include in the physics course whatever 
mathematics is recjuired for the work, 
over and above the minimum rccjuire- 
ments for graduation from the high 
school. This would mean that some 
physics now included in the course 
would have to be eliminated to make 
room for the needed mathematics, but 
wc arc interested mainly in quality, 
rather than <|uantity, in the content of 
the course. The cost in reduced coverage 
need not be great if the best secondari- 
school teachers and the best university 
physicists can be persuaded to join 
hands in the discovery of new wavs of 
presenting physics with a high degree of 
ngor, yel with a minimum of formal 
mathematics. The history' of physics and 
mathematics sup[)orts the amalgamation 
of the two subjects, for their develop- 
iiu'Tits have been so entwined that they 
are parts of tlu* same intellectual acliv- 
it\. Alter all, Newton did invent the 
calculus in order to solve a physical 
[)robIc‘m. 

Training Teachers 

The new approaches 1 have been dis¬ 
cussing may sound Utopian, but actu- 
alK sonic very |)roinjsirig improvements 
in tfic tcaclung of physics ar<‘ already 
undcT was Among oilier things, active 


steps have been taken in recent years to 
improve the preparation of teachers. 
During the past decade a number of 
colleges and universities have started 
summer institutes for science teachers. 
They bring together for six to eight 
weeks groups of as many as 60 or 70 
teachers. The programs include refresh¬ 
er courses, lectures and discussions of 
current research by active physicists, 
and laboratory work under better con¬ 
ditions than exist in most schools. The 
first institutes were financed by a few 
far-seeing industrial concerns and pri¬ 
vate foundations; the program is now 
being supported on a much larger scale 
by the National Science Foundation, 
supplying stipends to about 5,000 sci¬ 
ence teachers each summer, including 
several hundred in physics. A smaller 
program, providing teachers with fel¬ 
lowships for a full year of study, has 
been in operation for two or three years. 
There is growing support for in-servicc 
institutes on campuses near high schools, 
where teachers study for a few hours 
each week during the school year. All 
these training programs are already pro¬ 
ducing results, and they can be expect¬ 
ed. within another five years, to increase 
greatly the number of well-prepared 
physics teachers. 

To bring physics to many more stu¬ 
dents in our secondary schools may, 
however, require more teachers than our 
educational system and economy can 
supply. One possible solution would be 
to enable the good teachers to reach 
more students by the use of films and 
television. The Fund for the Advance¬ 
ment of Education made possible a 
large experiment in this direction. It 
furnished funds to the schools of the 
Pitt.sburgh area for a full-year program 
of television lectures and demonstra¬ 
tions. The school authorities brought in 
Harvey White, who had taught physics 
ver)' successfully to non.sciencc students 
at the University of California for manv 

9 4 

years. He had had experience with tele¬ 
vision. During the school year of 1956- 
57 he delivered 162 lectures of 30 min¬ 
utes each whicli were carried simultane¬ 
ously bv television to students in 44 
seliools. At the same time they were 
filmed. The films are now available 
through Encyclopacdi.i Britannica Films 
and are being used in a number of 
schools throughout the country. It is per¬ 
il.ips unfortunate that the pace at which 
this experiment was organized and mn 
did not allow many of the faults of cur- 
rent physics courses to be C'orrected. but 
tlie films should nevertheless be of tre¬ 
mendous help to school systems that 
cannot luid sufficient numbers of teach¬ 


ers who have been adequately trained in 
physics. 

A New Course 

A much larger endeavor is being car¬ 
ried out by the Physical Science Study 
Committee, an organization created by 
the daring imagination and inspired 
leadership of Jerrold Zacharias of the 
Massachusetts Institute of Technology. 
Supported by the National Science 
Foundation and a number of private 
foundations, this committee has brought 
into its service more than 100 highly 
qualified individuals, including high- 
school teachers, research physicists from 
universities, profession al write rs, film 
directors and selected college students. 
In the past year and a half the commit¬ 
tee has considered in detail what might 
be omitted from the present crowded 
syllabus to make room for better and 
more fundamental teaching; it is pre¬ 
paring a radically new textbook; it has 
made a start on the preparation of new 
laboratory manuals, teachers' guides and 
reference materials; it has planned a se¬ 
ries of about 70 films; it has designed 
simple laboratory apparatus, much of 
which can be built by the students 
themselves. The course is being devel¬ 
oped further by use in a few selected 
schools, where it has been received with 
enthusiasm by teachers and students 
alike. Sufficient materials should be 
available to allow introduction of the 
course into many schools by the fall of 
this year. Five institutes will be con¬ 
ducted this summer to introduce the 
course to 200 or more teachers. 

The work of the Physical Science 
Study Committee probably represents 
the most ambitious attack ever made on 
the problem of presenting any subject to 
high-school students. It has made use of 
earlier studies carried out by commit¬ 
tees of the American Association of 
Physics Teachers, the National Science 
Teachers Association, the American In¬ 
stitute of Phv.sics and others. It has 
brought together individuals with dif¬ 
ferent backgrounds, including the Nobel 
laureates Isador I. Rabi and Edward Ni. 
Purcell, the Presidential advisers James 
R. Killian and Vannevar Bush, the 
writers Mitchell Wilson and Stephen 
White, the movie producers Frank 
Capra and Warren Everote, and out¬ 
standing teachers such as Judson Cross 
of Exeter and John Marean of the Reno 
High School. All those engaged in the 
enterprise arc hopeful that it will pro¬ 
duce large results, not only in the teach¬ 
ing of physics but also in elevation of 
the intellectual level of our schools. 



The Author 

WALTER C. MICHELS says: “My 
interest in physics teaching is a natural 
result of my job. I have been at Bryn 
Mawr College since 1932» and have b^ 
chairman of the Department of Physics 
since 1936. Bryn Mawr is peculiar in that 
it has only 650 undergraduate students 
and yet conducts a full program of grad¬ 
uate work with 200 graduate students, 
both men and women. We have to give 
an introductory course in physics that 
serves at once the future physicist, the 
major in some other science and the stu¬ 
dent of liberal arts.'” One result of 
Micheb's unconventional course was the 
textbook .Elements of Modem Physics. 


Michels is president of the American As¬ 
sociation of Physics Teachers. During the 
last six years he has become increasingly 
involved in the movement to improve sci¬ 
ence teaching. He is a graduate of the 
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THE NEUTRINO 


by Philip Morrison 


For 25 years the theoretical structure of physics has assumed 
a fundamental particle which has never actually been detected. 
Its existence may now be confirmed by a remarkable experiment. 


T he full triumph of classical me- 
chanics came one clear night in 
the fall of 1846. On that night a 
German astronomer n«Tmed Johann Calle 
pointed the telescope of the Berlin Ob¬ 
servatory toward a spot in the heavens 
where he had been told to !ook» and 
there first saw the faint disk of the planet 
we now eall Neptune. His discover)' was 
the most dramatic possible confirmation 
of Newton's laws of gravitation, and of 
the calculations of the mathematician 
Urbain Leverrier, who had predicted 
from the perturbations in the movement 
of the planet Uranus that a new planet 
must lie where Calle found it. 

Physics today is looking expectantly 
for another such discovery. There is a 
Neptune among its fundamental parti¬ 
cles—a strange piirticle which is on every 
physicist's list, whose measurements and 
properties are well known, but which 
has not yet been ‘'discovered.” The par¬ 
ticle is called the neutrino. Recognizing 
that all physical "facts” of nature are no 
more than inferences, physicists are al¬ 
most as sure of the existence of the neu¬ 
trino os they arc of anything, but still we 
will not like to admit that it has really 
been discovered until it signals its pres¬ 
ence by some track or click in our appa¬ 
ratus. 

For Christmas not long ago one of the 
Los Alamos physicists who have been 
laying ingenious plans to trap the neu¬ 
trino gave his colleagues a present. Un¬ 
der the gift wrapping they came to a 
neatly decorated matchbox, clearly 
lal)cled: "Guaranteed to contain at least 
100 neutrinos.” They looked into it war¬ 
ily, and saw a simple empty box. The 
conceit did not come home until the gift- 
giver explained it to his friends. The 
label was literally correct. Such a vol¬ 
ume, any such volume on earth, whether 
a box or your hand or a cupful of water, 


contains neutrinos. They are moving 
through it, as they alwa)'S move, in 
straight lines at the speed of light. 

The neutrinos in \is and all around us 
come from the deep interior of the sun, 
where they are bom in the same nuclear 
reactions that make the sun shine. Un¬ 
like other particles emerging from these 
reactions, the neutrinos go clean through 
the sun's great layers, more transparent 
to them than is the clearest air to the 
golden terrestrial sunlight, and move out 
into space. Perhaps 6 or 8 per cent of 
the total energy released by the sun is 
in this transcendent form, passing with¬ 
out change or effect through star and 
space and planet. Even at night neutri¬ 
nos come streaming to us from the hid¬ 
den sun, traveling right through the 
massy earth as though it were not there. 
The neutrino flux from the sun carries 
40,000 times more energ)* than moon¬ 
light, and yet we have never seen, heard 
or felt its presence. 

How such a paradox of a particle 
has been pressed for decades upon the 
physicists by hard experience, and how 
it is today projKised to catch it at last, 
arc the main topics of this article. 

The Law of Conservation 

The keystone of physics is the law of 
conservation of energy. Yet for three 
decades there has lain within the well- 
accepted facts of nuclear physics a care¬ 
fully studied phenomenon which a rig¬ 
orous and candid observ'er would have 
to cite as a prhna facie contradiction to 
the famous law. This scandal lies in a 
strange disappearance of energy when a 
neutron sheds an electron—the phenom¬ 
enon known as beta-decay. 

A wide variety of evidence indicates 
that the uncharged neutron, like its 
charged fellows the proton and the elec¬ 


tron, has a perfectly definite mass. Now 
the neutron, building block though it is. 
is not fully stable. It spontaneously de¬ 
cays into a proton and an electron. The 
neutron's half-life is some 12 minutes, 
which is to say that if 1,000 neutrons are 
kept free from any interaction with the 
outside world, after 12 minutes onlv 500 
will remain neutrons, and after about 2-4 
minutes, only 250. 

By the principle of the convertibility 
of mass into energ)', the total energ)' 
content of a stationar)* neutron is just 
the energ)’ equivalent of its mass. Now 
the products of its decay—proton and 
electron—do not add up in mass to the 
initial mass of the neutron. The missing 
mass has been converted into energy, 
and this appears as kinetic energ)' of the 
t^vo product particles, which fly apart 
after the neutron's disintegration. 

The law of the consers'ation of onergN 
says that the kinetic energy shared b\ 
the neutrons decay products (the lion's 
share ^oes to the light electron) must be 
precisely e<juivalent to the lost mass. 
Their kinetic energ)* has been measured, 
and its maximum value has bwn deter¬ 
mined to be about 780.000 electron- 
volts. But the numerous mea.suroinents 
have shown that comparatively seldom 
docs the kinetic energy released bv a 
neutron's decay reach this value. Some- 
times the proton plus election have a 
total kinetic energ)* of only a few thou¬ 
sand electron-volts. The decav energies 
obscrN'cd range over the whole spectrum 
from zero to 780,000 electron-volts. On 
the average, onlv a fraction of the maxi¬ 
mum expected energy release appears 
when a neutron (or anv radioactive 
atomic nucleus) splits bv beta-decav. 

What ha[>pens to the missing energy? 
Decades ago nuclear physicists came to 
the plausible conclusion that it must go 
off with some undetected particle. ThcN 
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PROTON'PROTON SEQUENCE is one of two nuclear processes in 
the sun which ore assumed to shower the earth with neutrinos. In 
the first reaelion of the sequence two protons (nwclei o/ hydrogen 
}, or H*) collide to yield a deuieron (nuc/eiu of hydrogen 2, or 


H*), a positive electron (e*^) and a neutrino (v). In the second 
reaction the deuteron collides with a proton to yield a triton (nucle* 
115 of hydrogen 3, or H^) and a gamma ray (hv). In the third re* 
action the triton collides with an alpha particle (nucleus of helinm 


tried hard to catch the invisible particle 
in their best counters^ and in a foot or 
two of lead. But they failed. And in a 
dark year there came the thought that 
perhaps here in the fundamental proc¬ 
esses of the nucleus the conservation 
of energy actually failed. 

After the successes of the <|uantum 
theory, which no less than classical phys¬ 
ics is based upon energ)' conservation, 
Wolfgang Pauli first sketched and En¬ 
rico Fermi later worked out in detail 
the properties of the presumed particle 
that must fly off in beta-decay if energy 
was to be conserved. It was easy to see 
what some of these properties must be. 

First, the particle must have no 
charge, for balancing charges (the posi¬ 
tive proton and negative electron) come 
out of the decaying neutron. Secondly, 
the particle must be practically weight¬ 
less, according to careful measurements 
of the energy and mass relations of the 
various particles involved. For simplic¬ 
ity it is considered to have 2 ero mass. 
Thirdly, the particle must have angular 
momentum, i.c., spin. The neutron s an¬ 
gular momentum is one half a cjuantum 
unit; when it decays it produces two 
particles each with one-half unit spin; 
so to conser\c angular momentum the in¬ 
visible particle should l»ave one-half unit 
spin. 

Such a particle, with no charge, no 
mass, spin one luijf and birth only in 
l)eta-decay. was postulated by Pauli and 
l>v Fermi. It became known as the ucu- 


trino—‘‘little neutral one*'—in the beauti¬ 
ful language of Fermi. 

But now we are on thin ice. Faced 
with a failure of energy conservation, 
physicists refuse to admit it but instead 
postulate an unseen and perhaps unsee¬ 
able particle—a little neutral one so cun¬ 
ningly designed that it has no properties 
other than those which will preserve the 
laws of conservation. How does this dif¬ 
fer from plain failure of the conservation 
laws? 

The Challenge 

The first attempt at an answer was to 
examine carefully the scene of the crime. 
The particles issuing from a decaying 
neutron or atomic nucleus carry momen¬ 
tum as well as energy; hence they should 
recoil from each o^er, just as the firing 
of a shell causes the cannon to recoil. 
If only a proton and an electron came 
off, conservation of momentum would 
reejuire them to move in opposite direc¬ 
tions along one straight line. But if a 
neutrino canv ing momentum also comes 
out, the other pair must recoil from if, 
and their tracks should form a V. A 
immber of elegant experiments record¬ 
ing the beta-decay of various nuclei and 
of the neutron itself have proved that 
this is indeed the form that the tracks 
actually take. 

The critics can still sav: Momentum 
and energy are intimately connected, so 
your recoil experiment proves nothing 


except that both energy and momentum 
are lost in a single parcel. Until you can 
somehow trace the missing energy, mo¬ 
mentum and the rest, you are merely 
balancing the books with a fictitious 
entry. 

There is only one sure ansNver to the 
criticism. The missing energy, the “little 
neutral one/' must be caught. The ener¬ 
gy it carries must be reconverted into 
some measurable form, or the neutrino, 
however universally accepted, remains 
but a sign of the physicist’s ignorance. 

Of course the neutrino theory has by 
no means been unfruitful. It has pro¬ 
vided a basis (or interpreting various 
measurable features of beta-decay, for 
predicting the approximate lifetimes of 
all beta-decaying nuclei, and so on. We 
could not give up the real triumphs of 
the neutrino postulate without tearing 
the present closely webbed fabric of nu¬ 
clear physics. But still the challenge to 
track down the neutrino itself remains. 

The behavior of physicists in the face 
of this challenge may seem unworthy. 
For a generation we have been satisfied 
to use the neutrino theory and explore 
its manifold ramifications, but slow to 
respond to the challenge to deliver up 
the thing itself as a legitimate member 
of the particle family, not a mere book¬ 
keeper s evasion. Why have we been so 
laggard in seeking out the neutrino di¬ 
rectly? 

The ansNver is simple, and yet in some 
ways wondrous. Compared to other nu- 



(;ARB0N CYCilE 19 the ACfond solar miclrar process v*hich may 
procure neutrinos. In the l^r^t reaclioii of the cycle carbon 12 (€••) 
1 oilides with a proton to yield nitrogen 13 (N*^) and a gamma ray. 


in the second reaction nitrogen 13 decays spontaneously into car¬ 
bon 13 a positive electron and n neutrino. In the third reac¬ 

tion carbon 13 collides with a proton to yield nitrogen 14 (N^^) 
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4, or Ue^) lo yield beryllium 7 (Be^) and a gumma ray. In the fourth reaction the beryllium 
7 collidet with a negative electron (e*) to yield lithium 7 (Li7)« In the fifth and final re* 
action of the sequence lithium 7 coUidea with a proton to yield two alpha particle*. The pro* 
ton* ore represented by the larger black ball*; the neutronse by white ball* of the same sue. 


clear events, beta-decay is fantastically 
slow, and therefore rare. It takes a neu* 
tron some 18 minutes on the average to 
emit an electron; with the same energy 
available, a gamma ray would come out 
in a millionth of a billionth of a second. 
The prodigiously slow beta process has 
a far smaller probability than any other 
method of nuclear decay. Beta-decay is 
much rarer, on the nuclear time scale, 
than death by meteorite bombardment 
among men. It is only the chance that 
some nuclei are immortal except for 
beta*decay that allows us to observe this 
event at all. 

Now this slowness of decay implies 
that the opposite process, the capture of 
a passing neutrino by a nucleus, abo is 
slow and rare. Gamma rays, which are 
notoriously unlikely to interact with nu¬ 
clei, will travel on the average through 
eight or 10 feet of lead before they do 
so. But a neutrino, to interact with a nu¬ 
cleus, must travel on the average through 
about 50 li^t-years of solid lead! A 
shielding wall capable of thinning out 
a beam of neutrinos would have to be 
as thick as a hundred million stars. To 
all intents and purposes neutrinos simply 
do not see solid matter at all. Here is the 
nub of the difficulty. The neutrino is al¬ 
most uncapturable. 

The Challenge Accepted 

Deterred by the logic of the matter, 
physicists did not begin to think serious¬ 


ly about hunting neutrinos until great 
masses of radioactive material became 
available in the fission products of ura¬ 
nium reactors. With a truly prodigal ef¬ 
fort, they now seek to catch the almost 
uncatchable neutrino. From the high- 
power reactors stream currents of neu¬ 
trinos which rival the sun's beam. They 
pass through the shielding walls and fiy 
in perfectly undeviating straight lines 
from the place of their birth to outer 
space. Patrolling these great beams near 
their source, physicists hope to capture 
an occasional unlucky neutrino. Last 
month a group of workers began the 
vigil by placing their neutrino detectors 
in the beam from the most powerful re¬ 
actors in the world—those at the Savan¬ 
nah River plant of the Atomic Energy 
Commission. 

The more spectacular of two schemes 
for trapping the little neutral ones is 
based on the techniejue of scintillation 
counting. Tireless photocells will keep a 
continuous surveillance over a large tank 
full of a dear scintillating liquid, record¬ 
ing the flashes of light that signal ioniza¬ 
tions among the nuclei in the liquid. A 
Geiger counter can record only the ioniz¬ 
ing events occurring in a few milligrams 
of gas; the scintillation tank scheme 
makes it possible to patrol tons of nuclei 
at a time. 

But the capture of the neutrino is a 
rare event indeed, and when one looks 
for the highly improbable, he must be 
prepared to see many other events, prob¬ 


able and improbable, which are irrele¬ 
vant to what he is looking for. The tons 
of scintillator liquid will flash many 
times—from traces of radioactive dirt 
within the liquid, from cosmic rays, from 
escaping particles other than neutrinos 
which may come from the reactor. It is 
not enough simply to look for flashes; it 
is necessary to discriminate between 
those which arise from neutrino capture 
and those which arise from various other 
rare but much less interesting causes. 

A group of Los Alamos investigators 
led by Clyde L. Cowan, Jr., Francis B. 
Harrison and Frederick Heines invented, 
and is pursxiing with true virtuosiU*, an 
ingenious scheme to perform this feat. 
The reasoning is as follows. Capture of a 
neutrino being the reverse of its emis¬ 
sion, the precise opposite of beta-decay 
must occur: that is to say, a proton plus 
an electron plus a neutrino plus energ)' 
combine to form a neutron. Now there is 
another type of *1>eta-decay” reaction in 
which, instead of a negative electron be¬ 
ing absorbed, a positive electron, or posi¬ 
tron, is emitted. Electric charge is con¬ 
served equally well in either case: in the 
second case the positive proton becomes 
a neutral particle not by absorbing a bal¬ 
ancing negative charge but simply by 
releasing its own positive charge in the 
form of a positron. That such reactions 
actually occur has been verified by ex¬ 
periments. And so we can rewrite the 
equation for neutrino capture to say that 
a proton plus a neutrino plus energy may 
combine to yield a neutron and a posi¬ 
tron. The ingenious Los Alamos group 
proposes to detect this event by observ*- 
ing its products—the neutron and the 
positron. 

A Subtle Detection 

The energy necessary to convert a 
proton into neutron and positron is sup¬ 
plied by the incoming neutrino. Neutri¬ 
nos emerging from the fission products 
in a reactor are estimated to have, as a 
rule, something of the order of one mil- 



and a lamma ray. In the fourth reaction nitrogen 14 collide* with a 
proton to yield oxygen IS <0^^) and a gamma ray. In the fifth re¬ 
action oxygen IS decay* into nitrogen IS (N*^), o po*lliTe electron 


and a nentrlno. In the sixth reaction nitrogen IS collide* with a 
proton lo yield carbon 12 and an alpha panicle. The cycle make* an 
alpha particle, two electron*, three gamma ray* and two Dculrinos. 
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SPK(^TKOMKTEB U u?»cd to measure ihc encr|{ici o^ IicIj |Mrtirle». Tlie j|iparatu^ in this 
(li.ip:ram i** plnr^^d in a magnetic in uhicli the line^ of force are perpendicular to the page. 
The parilclcj etnrilcd by the ?mall vimple at right de-cribe curbed |»al1i9 and arc counted 
at lell. ParllcleR of the ^.inie energy come to a focu« at the 9ame point. Thus the counter may 
he u«ed to scan the various |Kirtir|e energie'* by changing the strength of the magnetic field. 





ENERGY 


AMMIA* AND ItET N-DF.CwNY are .ui onipanied hy changes in the energy lesel of the nu¬ 
cleus. The diagram al up(M*r left depiriN the energy level* of a typical dlph.an'inittfng i*otoj>e 
before and after decj). Tlie curse at upper right -iIiowh ho^^ the energie»> of particle* from 
this isotope are distributed. 'Hie fact that the p.ifliclcs occupy a narross range of energies 
indicates that the difference helsteen the initial energy of a single nucleus and the 

final energy ^V.f^ i- always accounted for h> the energy of an alpha particle Uirrou*!. The 
diagram at looser left depicts the energy leseU of a typical hela*emitting isotope before and 
after decay. The curve at loner right shows how the energies of luriiclrs from lliis isotope 
are distributed. 1 he f.irl that the particles occupy a broad range of energies indicates that 
the diHerenre between the initial energy and the final energy Is seldom accounted for by a 
beta particle isolul orron i. The missing energy in presumably carried off by a neutrino. 


lion electron •volts more energy than is 
re<]uired for this conversion. The excess 
energy goes off as kinetic energy of the 
product neutron and positron-most of it 
in the positron, since it is much lighter. 
The charged positron ionizes atoms in its 
path as it goes, and thereby produces a 
good-sized flash in a sdintillating liquid. 
After it has traveled a centimeter or two, 
which takes no more than a hundredth 
of a billionth of a second or so, the posi¬ 
tron comes to rest, having spent all its 
kinetic energy. 

The flash from ionization by the mov- 
ing positron is the first visible .sign of the 
neutrino's capture, but it is by no means 
the last: there is more to come. The mo¬ 
ment it comes to rest, the positron com¬ 
bines with an electron {there are plenty 
handv). NMien it docs, the mass of the 
pair is instantly annihilated and turned 
into energy. The energy flies off as two 
gamma rays, traveling in opposite direc¬ 
tions from the source and each amount¬ 
ing to about one half million electron- 
volts. After moving a foot or two, each 
gamma ray gives rise to an ionizing elec¬ 
tron which produces a flash in the coun¬ 
ter. So every neutrino capture that gives 
l)irth to an energetic positron should be 
signaled by three virtuallv simultaneous 
flashes in the scintillating Injuid—a flash 
from ionization by the moving ]>ositron 
and a pair of flashes in different spots 
iiorn the gamma rays. 

Meanwhile the ncwlxirn neutron itself 
has moved off slowly, with very little 
kinetic cnerg)'. There is no flash to mark 
its passage, for the neutral particle can¬ 
not ionize. It wanders abo\it the lu|uid 
in its usual random walk, slowing down 
to thermal motion as it goes. Eventually 
it is captured l)y some nucleus. Now the 
eannv experimenter may add to his 
)i(|nKl scintillator some cadmium, which 
lias a pronounced aflinity for slowed 
neutrons. ‘The cadmium nucleus seizes a 
neutron so vigorously that a few gamma 
lavs are emitted in the process. In this 
nminent of capture, therefore, the neu¬ 
tron signals its presence by a flash, as the 
positron did earlier. The neutron signal 
C'omcs after u considerable delav, be- 
cause the particle has traveled a vard or 
two. at a relatively slow speed, btTore its 
< apture. This delay is some 10 or more 
microseconds, and it can be measured 
.iccuratcly by electronic tcchni<jues. 

Tlie plan of the experiment at the Sa¬ 
vannah Biver plant is this. A layer of 
liipiid containing protons and doped 
witli cadmium is placed like a sandwich 
filling between two thick scintillating 
layers sensitive to gamma rays. Photo¬ 
multipliers watch all carefullv. W'lien a 
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neutrino is captured by a proton, the 
resulting birth of a positron is instantly 
signaled by a flash in the sandwicl) 
layer. Practically simultaneously, after a 
time too short to measure, there comes 
a flash in each of the two ‘l>read'' layers, 
produced by the two gamma rays from 
the annihilation qf the positron. A few 
millionths of a second later the capture 
of the wandering neutron by cadmium 
releases gamma rays whose flashes are 
seen in all three layers. In short, every 
neutrino capture is marked by two sets 
of flashes in all three layers, one follow* 
ing the other after a precisely stipulated 
interval. Moreover, the energy of the 
positron*annihilation flash helps to iden* 
tify the event: it should total about one 
million electron-volts. 

Combinations of events which simu¬ 
late this pattern may occur by accident 
in the counter, but they are too infre¬ 
quent to cause real trouble. Their spuri¬ 
ousness can, and will, be established by 
control experiments. Cosmic ray parti¬ 
cles can cause spurious events (and did 
so seriously in the earliest versions of this 
cx]>erimcnt}. These fast charged parti¬ 
cles may trigger all three layers, and in 
addition liberate a neutron which will 
give a delayed pulse. But the energy they 
give to each layer is large, and the first 
flash will be too bright, and give away 
the spurious character of the event. 

The whole apparatus is of prodigious 
size. Where most experiments of the 
kind use half a dozen photomultiplier 
tubes and their associated amplifiers, the 
neutrino searchers use 500. Where scin¬ 
tillation counters are normally counted 
big if they use a few gallons of liquid, 
this experiment uses 10 or 12 tons. The 
needs of the project have led to a whole 
complex of ingenious and painstaking 
developments. The chemical firm pro¬ 
ducing the scintillating liquid, which 
used to make it in quart amounts, has 
)>een persuaded to manufacture and pu¬ 
rify it by the ton. A special tank truck 
has been built to transport the precious 
fluid in an inert atmosphere from the 
factory to the scene of the experiment; 
it must be kept minutely clean and oxy¬ 
gen-free throughout the long journey. 
The tank where the experiments are per¬ 
formed must be lined with a special 
glossy-white coating, to lose next to no 
light at all. A chemical must be added 
to the scintillating liquid to give the 
flashes a color which will be reflected 
most efficiently by the gleaming tank 
walls. The flashes that carry all the in¬ 
formation for which the neutrino hunt¬ 
ers arc searching are too faint to be seen 
by the nuked eye, and no effort must be 


spared to make sure that all of them are 
detected by the sensitive photomultipli¬ 
ers. Hundreds of the latter are required, 
and whole banks of other electronic 
gear. The detector tank itself is encased 
in lead and buried deep in the building 
housing the great Savannah River re¬ 
actor. 

After building and testing all this 
equipment, the experimenters began to 
install it at Savannah River last month. 
There they will count patiently, houi 
after hour, waiting for the evidence 
which they hope will restore the con¬ 


servation of energy to honesty and will 
help them play the Galle to Fermis 
Leverrier in the physics of the 20th cen¬ 
tury. 

The Search by Chemists 

Meanwhile another group pursues the 
search by a very' different method. Just 
as the scintillation-counter plan is a tour 
de force of modem physical technhjue, 
so there is a related piece of consummate 
skill which belongs to the chemist. The 
trick of identifying the capture of ncu- 
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DETECTION OF THE NEUTRINO is planned by Cowan ond Heines on the basis of the 
events outlined in this diagroni. A neutrino (doited fine) encounters o proton tl), cousin^ 
it to change into a neutron {zigzag paih) and a positive electron. In passing through the 
cadmium salt solution the positive electron causes a pulse of ionixalion. Then it is annihi¬ 
lated In an^ncotinier with a negative electron (2). This gives rise to two gamma rays (irory 
fines), one of which causes a pulse in the lop scintillation counter and the other a pulse in 
the bottom scintillation counter. The neutron wanders for several microseconds until it is 
absorbed by a cadmium nncleus (3)* This gives rise to three gamma rays. Thus when two 
consecutive pulses, separated by an interval of several microseconds* occur in both the cad- 
miuni solution ond the scintillation counters, a neutrino is assumed to have been delected. 
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RADIOACTIVE DECAY OF THE NEUTRON aho requires the ncuirino. H the nculron 
simply decayed into a proton (P) and a negalivc electro (c")» the conservalion of 
linear momentum >»ouId require that the decoy particles go off in exactly opposite direc* 
lions Uo/i drau'infi\. Actunlly they go off at an angle to each other (6oUom ^fmring). This 
indicates thal th^ n«M«ing linear momentum ii carried off hy a neutrino l6rofcen arrow). 


trinos by detecting products of the rc- 
«iction may, it is hoped, be performed by 
chemical means. In this case the targets 
arc not protons but nuclei of chlorine 
atoms. The isrttope chlorine 37 may cap¬ 
ture a neutrino and turn into an atom 
of the rare gas argon, emitting a nega¬ 
tive electron in the process. The atom so 
produevti, argon 37. is itself radioivetive. 

Its creation may be detected bv a sim¬ 
ple plan. A large tankful of a lirjuid von- 
tail ling clilorine is swept clean of argon 
(certainly of any radioactive argon) by 
a stream of helium bubbled through it, 
and then the licpiid is exposed to nett- 
Irinos from a reactor. After some* davs 
exposure, tin* lank again is swept with 
lielium gas to bring out any argon thal 
mav have been formed. The argon (of 
wliicli there must always he at least a 
slight trace) is separated from the heli¬ 
um l)v well-known teehnitpies of physi¬ 
cal ehennstrv, an<i a Geiger counter is 
used to see if there is anv radioactive 
aigon in the sample. 

This method is based on such a refined 
ehemicai se^irch for a fesv atoms in a 
great vat of solvent that it is surely the 
arehetv[>e «>f all needle in the hayslack 
( ndeavors 1 here are against it two oh- 
icetions. Tlie first, of exjurse. is thal it 


leaves open the rpiestion of just what 
did make the active argon. Careful exm- 
trols might dispose of this <juestion. But 
then tlierc is left a more fundamental, if 
not more serious, objection flowing from 
the theory' of fuiulamenlal parlicle.s. If 
we reverse the neutrino-capture reac¬ 
tion, the theory says that tlie decay prod¬ 
ucts must be chlorine 37, a neutrino and 
a positron ratlier than an electron. Tliis 
means that the neutrino is not precisely 
the same as in a normal beta-dccav. Con- 
sequcntly the beta-decay neutrinos sent 
out by a reactor may not transmute 
chlorine into argon. However, it is possi¬ 
ble that the two kinds of neutrino are 
actually etjuivalent in every' respect, so 
that the experiment will really work. 

Haymoiid Davis. Jr., of the Brook- 
liaven National Laboratorv will measure 

4 

the argon activity induced in some four 
tons of carbon tetrachloride in a tank at 
the Savannah pile. It is a happy circum¬ 
stance that both the scintillation counter 
and the chlorine ex|H*rimenls are being 
carried on at Ihe same time and the same 
place, for the two should c'omplcmcnl 
each other. 

It would be ungracious not to mention 
that these are not the first.experiments 
to seek out the Tieutrino directly. Quite 


a few brave experimenters have tried 
before^ but on too small a scale. The 
chlorine experiment was first planned at 
Chalk River in Canada by Bruno Ponte- 
corvo, who may for all we know now be 
completing it near some big reactor in 
the U.S.S.R. The proton-capture experi¬ 
ment in a smaller version was tried bv 
the Los Alamos group at Hanford lost 
year, and a doubtful positive result ob¬ 
tained. Most physicists will be willing to 
base conclusions only upon the really 
powerful effort now under way. 

A New Astronomy 

Tlie neutrino provides in principle a 
new kind of astronomy. Until now the 
only radiations from outer space that we 
have studied are visible light and micro¬ 
wave radio. The neutrino beam from the 
sun and stars also comes to us bearing 
information about the universe, and we 
shall surely some day read a part of that 
text. The chlorine-capture experiment, 
with an increase of a factor of a hundred 
or so in bulk, and a well-shielded mine 
or the deep sea to work in, might meas¬ 
ure the sun s neutrino flux. Modifications 
in the scintillation scheme also are under 
consideration. It is not too much to hope 
that some day we may directly verify the 
nuclear reactions in the sun s center hy 
a study of their neutrino emission. 

But suppose the experiments do not 
work? Suppose no neutrino counts are 
seen? The logical chain is pretty tight; 
the defeat would mean to many that 
energy conservation had at last really 
failed us, or, almost as bad for our theo¬ 
ries, that a reaction was not accompanied 
by its inverse among the fundamental 
particles. We should be loath to accept 
either of these conclusions. So far 1 have 
thought of only one wav out-a desper¬ 
ate evasion. The neutrino might leave 
the scene of. its birth all right, starting 
life as a perfectly proper Fermi neutrino. 
But It might be unstable and decay into 
three other neutrinos (two is forbidden 
for dynamical reasons), which could of 
course not all he simultaneously caught 
at the other end to invert the reaction, 
because their directions would slightly 
diverge. This possible behavior would 
leave the bela-decav theory intact. But 
it would make the neutrino even more 
evanescent a notion than it now is, and 
would only pass the trouble on to later 
generations of physicists. It will he far 
bettor if the patient experimenters are 
successful, and if their scintillator clearly 
displays those few oscilloscope traces 
each hour which will mean that the fu¬ 
gitive neutrino has been caught at Inst, 
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THE OVERTHROW OF PARITY 


by Philip Morrison 


Conservation of parity was a law of quantum physics which said 
that there is no absolute distinction in nature between right 
and left. Experiments now show that such a distinction exists. 


I n die days when philosophers, acute 
ill observation but as yet unaided 
by the tools of modern science, were 
priniarv founts of insight into tlie nature 
of the physical world, the philosopher 
Gottfried Wilhelm von Leibniz formu¬ 
lated a “great principle*’ which was to 


bear greater fmfts than he knew. It was 
a proposition which at first thought 
seems absurdly simple and self •evident: 
namely, that “two states indiscernible 
from each other are the same state.” 
Leibniz argued it on grounds which to¬ 
day wc would find theological rather 


than scientific. Yet it has become one of 
the firmest pillars of modem physics. It 
underlies the thcor>’ of relativity and 
those laws of conservation—of energy, 
momentum and so on-upon which our 
understanding of nature is built. And it 
is now given deeper and sharper mean* 



IM AND Mb MESON \)E( AYS ntr 
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tildes from llie Mrookhaven ('o»molron in a 
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Morrison / THE OVERTHROW OF PARITY 251 




TAU PARTICLE ir* > decays into three pi 
mesons. The one shown here enters at the 
Jell and travels almost to the rifht*hand end 
before bursting into a three^pronged path. 
The lower prongs represent positive pions 
the upper prong a negative one. The ex' 
l>eriiuents shown were performed by Donald 
A. Glaser, J. L. Brown^ D. I. Meyer and 
M. L. Perl of the University of Michigan. 


THfrfA PARTICLE decays into two 
pi melons. The theta in this photograph, 
being neutral, forms no bubbles ond cannot 
be Keen until it decays into o double prong. 
The theta decay is the lower of the two dou* 
bk'prong events shown In the drawing. This 
photograph also shows the birth of the theta 
particle. It was formed from the collision of 
it pj meson with a proton in the chamber. 
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ing than ever by the amazing event in 
physics which is the topic of this article 
—the overthrow of the ‘‘parity principle’’ 
and the unraveling of the nahire of left 
and right. 

The important word in Leibniz's 
axiom is “indiscernible.” Modem physics 
has been profoundly concerned with 
what is discernible and what is not. One 
of its strongest and most fruitful assump* 
tions has been that among the indiscem- 
ibles are absolute space, time and direc¬ 
tion. It is not hard to present examples. 
Think of the conventional world map. To 
each place are assigned a latitude and a 
longitude—a pair of numbers. The niim* 
bers are of great utility and convenience, 
but they are in no sense real attributes 
of the places; they have no physical sig¬ 
nificance. If the starting point for count¬ 
ing were to be shifted from Greenwich 
to Timbuktu, the numbers would change 
but no mountains wotild be move<l. The 
numbers are merely arbitrary’ labels. And 
this is the manner in which space in gen¬ 
eral is treated in physics. The coordi¬ 
nates specifying positions in space de¬ 
scribe only relative positions. We try' to 
formulate our physical laws by the use 
of mathematical schemes in which abso¬ 
lute positions in space never enter. 
Whatever our frame of reference, we 
say, space remains invariant. 

Jet us take a more dramatic and com- 
^ prehen.sive example. Suppose that a 
skilled director is going to produce on 
a stage before you some physical event 
or phenomenon-any u'hatevcr-withoul 
offering you clues to the date of the 
event, the directional orientation of the 
stage or the location of the theater. 
Could you determine any of these by any 
certain evidence? Indeed not. You may. 
of cx)urse. date the performance as lying 
within your lifetime, but this is dearly 
a subjective (j.e., relative) time. (In¬ 
deed. Kip van Winkle amid not succeed 
even in that.) You can judge which di¬ 
rection within the theater is up and 
which down, but “up” and “down * are 
merely relative to the earth; consider 
that you are in a theater in Australia and 
you will begin to realize the problem of 
attempting to determine the absolute 
orientation. A sharper test would be to 
use a compass to find ’ north,” but this 
fails too. for the director can falsify th<’ 
magneMc field, ami in any case locating 
“north” on the earth tells you nothing 
about your absolute orientation in space. 
Nor can you locate the the.iter, even if 
vou can look out a window and see a 
familiar landmark or a familiiir star. The 
earth itself moves, and so do all the ex- 



RIGHT>HAND RULE relating the direclions of an electric current and it» resulting mag¬ 
netic field (thumb poinU with current, fingeri point with the north-teeking pole of o te«t 
comp9$!« needle) becomes a left-hand rule when the experiment reflected in a mirror. 
In thi^ drawing, the **rear experiment is seen at the left and ita mirror image at the right. 



MIRROR REFLECTION of a spinning ball could not be detected if the ball ejected par¬ 
ticles equally ill both directions along its axis. Image at top right looks just like the real 
ball turned upside down. Reflection can be detected if there is a preferred direction for 
the ejection of particles. Thus the image at bottom cannot be mistaken for the real thing. 
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SPINNING NUCLEI of cobalt 60 igray circles) emit tUcxronh ilar$e dots) preferentially 
in one direction along their (pin axe( and anti-neutrino* < small dots) in the other. The eflecl 
i* ordinarily undelcctablc itop) but can be seen when (pin axe* are aligned iboftomK 



WU-AMBLER APPARATUS detects electron* from aligned cobalt nuclei. Vertical black 
cylinder is the coil which furnishes aligning field. Horizontal tube is a photomulliplier. 


temal reference points. No, in principle 
and in practice absolute locadon in time 
or space and absolute direction are ail 
indiscemibles. 

These facts are of basic importance in 
physics. The indiscemibilit)' of absolute 
coordinates lies at the basis of Albert 
Einstein's construction of the special 
theory of relativit) , as is emphasized by 
the very' name of his theory. And the fact 
that physical e^^uations cannot refer to 
absolute time, space or orientation leads 
logically, by mathematical reasoning 
M'hich we need not review here, to the 
classical laws of the conserv ation of en- 
ergy and momentum. 

^^hc conserv'ation ‘‘law** that concerns 
* us now is the conserv'ation of “par¬ 
ity','* which rests upon the assumed in- 
discemibililv of right from left. The 
indiscemibility principle con bi* put this 
wav; there is no absolute distinction be- 
tween a real object (or event) and its 
mirror image. A right-hand glove and a 
left-hand glove are surely different, but 
if accurately made they are precise 
counterparts; looking at a right-huiid 
glove in a mirror, you cannot tcU from 
its properties that you are not looking 
at a left-hand glove. The looking-glass 
world of people is admittedly unusual. 
Your mirror image is badly brought u|): 
it offers to greet you w'ith its left hand 
instead of its right, and it writes oddly. 
But the curiousness of the mirror world 
is largely conventional. There is no rea¬ 
son to doubt that such a world could 
exist. Indeed, any good director could 
set and coach a performance so that you 
could not distinguish it from the mirror 
image of a conventional pcrformancx\ 

The physical principle of the indistin- 
guishabilitv of right and left implies that 
for every' scene, every' experiment, an 
c.xuct mirror counterpart is possible. It is 
true that nature seems to favor a sptTific 
orientation (right-hande<l or left- 
handed) for the spiraling shells of snails 
and other animals, and for molecules of 
living matter. But this provides no cx^n- 
clusive evideiKX' for the physicist: he 
sees that the molecule would function 
exactly the same wav were it mirrored. 
and he can envision a world of living 
beings just like our own in which the 
‘‘handedness * was simply reverst'd. The 
looking-glass world of life conkl func¬ 
tion exactly like the actual world. 

Until the startling events of the past 
few months, it scemeil that the invari¬ 
ance of left and right was as unassailable 
as the invariance of •time or space. .\ll 
experience had buttresstnl the idea that 
no intrinsic difference could be found to 
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disHnguish physical phenomena in a 
looking-glass world from the real world. 
All the seeming guides for distinguishing 
left from right failed on analysis to do 
any such thing, A student of electricity 
might cite the famous right-hand rule 
for telling the direction of an electro¬ 
magnetic field: if you grasp a wire with 
your right hand so that the thumb points 
in the direction of the current s flow, 
your finger tips point in the direction in 
which a north pole moves in the magnetic 
field around the wire. But not so fast. 
What distinguishes a north pole from a 
south pole? True, you may refer me to a 
compass needle. The “north'-seeking end 
of the needle is colored blue and stamped 
with a big N. But tins convention could 
be revers^ without the least difficulty. If 
we switched the label N to the other 
end of the needle, the experiment would 
work with the left hand. So only conven- 
tion distinguishes our experiment from 
its mirror counterpart. No intrinsic phys¬ 
ical distinction, either in the macroscopic 
or the microscopic world, exists between 
a north magnetic pole and a south. All 
our right-hand rules are pure conven¬ 
tion: there is nothing in the laws of elec¬ 
tromagnetic fields that permits an abso¬ 
lute distinction between right and left. 

I'he power of this idea of spatial sym- 
rnelr)' ought now to be clear. If we begin 
by postulating mirror invariance, we can 
infer the indistinguishabilit) of magnetic 
north and south poles. The latter in turn 
is an important principle in the micro- 
world of particles, permitting us to give 
an orderly account of certain phenomena 
in that world. It implies the principle of 
the conservation of “parity.just as the 
invarianev of space and time implies 
the conscrs’ation of energy. 

“Parit) ’ is a mathematical concept, 
impossible to define in physical tenns. It 
i.s a pro|)erlv of the so-called wave func¬ 
tion by which (|uantuin mechanics de¬ 
scribes tlu' wave characteristics of a par- 
tit le and represents its position in space. 
The variables of a wave function are 
)ust those coordinates that we use to lo¬ 
cate spatial positions. Now it is not hard 
to see tijat it we change tlu* sign of one co¬ 
ordinate (re., from plus to minus). tins is 
e«|uivalenf to reflecting the system in a 
mirror Pants is the term that tlescribes 
the effect ol such a reversal upon the 
wave functi<iii. If tlu' wave function re¬ 
in.iins ijiK hanged when the sign of one 
4 il its three spatial variables is r<’\ersed. 
we sas that the func tion has ’even par- 
itv. If reversal of the sign of the variable 
reverses the sign of I lie wave function, 
we call its paritv “odd.” In short, paritv 
luis one ol two values—c’vcn or odd. And 



^ .4Cl LM (.UAMBKK lor cobalt expcrinient is diap(ramnied above. The cobalt layer is 
depo.silcd on the top of the cerium nia|;nc«ium nitrotc crystal. Anthracene crystal fla^he^ 
v»hcri olerlrons 4rike it. Sodium iodide cr)>taU count gamma ray» from the cobalt* and 
iTulirale the degree of .alignment. The large finger above the nnihrnccnc i9t a lucitc rod 
uhich condu^t^ the light of anthracene bcinlillatiuns to amplifying and counting system. 
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all our experience, as well us theor)% has 
indicated that in an isolated system pari¬ 
ty never changes its value--/.e., parity is 
always conserved. 

Or rather, almost all. We are now con¬ 
fronted with a flat failure of parity 
conservation. The story goes back to 
about a year ago, when two extremely 
imaginative and ingenious investigators 
of the newly discovered ^‘strange” parti¬ 
cles of the atomic world made a really 
novel suggestion. 

T he two—Tsung Dno Lee of Columbia 
University and Chen Ning Yang of 
the Institute for Advanced Study—were 
absorbed in what was perhaps the most 
baffling paradox in this new realm of 
strangeness: the so-called "‘tau-theta 
puzzle/' There were two mesons, called 
tau and theta. Tau, in the course of time, 
disintegrated into three pi mesons; theta, 
into two pi mesons. What was baffling 
was that in every propert)' except the 
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of the Massachusetts Institute of Technology. 


mode of decay, tau and theta were iden¬ 
tical iNvins. Could they be one and the 
same particle? Decay of a particle by 
two different modes was certainly per¬ 
mitted by theory and precedent, but in 
this case the principle of conservation of 
parity stood in the way. Tau decayed to 
a set of pions of odd parity, theta to even- 
parity pions. The law of unchanging par¬ 
ity said that tau and theta must have dif¬ 
ferent parity and therefore be different 
particles. 

Yet the undownable question re¬ 
mained: Why were tau and theta exactly 
alike in every respect except this one? 
Lec and Yang boldly faced up to an em¬ 
barrassing but insistent possibility: per¬ 
haps the parity-conservation law simply 
broke down in the realm of particle de¬ 
cays like tau s and theta's! 

Their boldness was not rash. They 
could take the stand that while mirror 
invariance, from which the parity-con¬ 
servation idea was derived, might hold 
in all other realms, it need not neces¬ 
sarily apply in the world of tau and theta. 
For the decay of tau and theta belongs 
to a very special class of reaction known 
as ‘‘weak interactions.'' The forces in¬ 
volved in them arc very weak indeed— 
much weaker even than the forces which 
bind electrons in atoms. The forces are 
measured by the time it takes, with a 
given amount of available energy, for 
ii particle emission to occur. By this 
measure tlie force entailed in a weak in¬ 
teraction such as the decay of tau or 
tlicta is smaller by a factor of 100 billion 
than the binding force on an atomic elec¬ 
tron. Yang and Lee felt that the previous 
tests of mirror invariance in other fields 
of phenomena might have no validity in 
(his untested realm of weak and subtle 
interactions. 

They proposed an experiment to test 
wliether right and left could or could not 
be distinguished in this realm. Tau and 
theta particles themselves were poor 
candidates as subjects for such a test, 
for their lifetime is short—only about a 
billionth of a second. But the beta-decay 
(emission of beta particles) of radio¬ 
active atomic nuclei also belongs to the 
family of weak interactions, and these 
decays, taking place at much lower 
levels of available energy, have con¬ 
veniently long lifetimes—measured in 
seconds or even years (e.g., the beta-de¬ 
cay half life of cobalt 60 is 5.3 years). 
In essence Yang and Lee's proposal for 
the test experiment was simply to line 
up the spins of beta-emitting nuclei 
along the same axis, and then sec whether 
the beta particles were emitted preferen¬ 
tially in one direction or the other along 


the axis. Neither direction would have 
any significance, conventional or other¬ 
wise: there is no arrowhead on the axis. 
But the preferred direction of beta- 
emission by the spinning nuclei would 
in fact define an arrowhead—the direc¬ 
tion of advance of a right-hand or left- 
hand screw—and its mirror image would 
be discemibly reversed from the real 
thing. The experiment should leave no 
doubt about a distinction behveen left 
and right in beta-decay. 

A powerful team of laboratory experi- 
^ menters took up the challenge. 
Chien Shiung Wu of Columbia con¬ 
tributed her art in designing experiments 
and her experience in beta-decay work. 
A team at the National Bureau of Stand¬ 
ards under Ernest Ambler undertook the 
task of lining up the nuclei. Ambler's 
job was to provide the straight line; 
Wu's, to look for the tip of the arrONv 
(i.e., the preferred direction of beta- 
emission). 

Nuclear alignment is a new art. no 
more than three or four years old. The 
sole handle by which the nuclei of atoms 
can be manipulated is their magnetic 
moment. No laboratory generator cun 
produce magnetic fields strong enough 
to align tliese tiny moments; only within 
atoms themselves do sufficiently strong 
fields exist. So special atoms arc lined up 
to produce a field, and their field in turn 
lines up the magnetic nuclei. Bxit to 
make orderly alignment possible at all. 
thermal agitation of the atoms must l>e 
rwluecd to a minimum, whicl) means 
cooling the system to very low tempera¬ 
ture—considerably less than one degree 
above absolute zero. Shielded bv the 
best sort of vacuum bottle, cooled by 
streams of liquid helium, the cobalt 60 
atoms which served as the beta-emitters 
were kept aligned for 15 minutes or so 
at a time. 

Six months to design, prepare and 
carry' out the 15-miuute experiments— 
these times proved just long enough to 
settle the issue beyond doubt. The beta 
particles emitted by the lined-up cobalt 
nuclei went predominantly in the direc¬ 
tion against the magnetic field. Tins 
mount that, from the standpoint of lu'ta- 
emission, the nuclei had an intrinsically 
left-handed spin. Left could be clistin- 
guislunl from right. Mirror invarianev 
was dead. However valid it was else¬ 
where, in the realm of weak interactions 
it unambiguously failed. 

Within u few weeks after that first 
test in December, 1956, the c'onclusion 
was again unequivocally c'onfinned by 
another experiment. This time the weak 
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Kf.ECTBON f;OtNTS are plotted on the vertical aii* againM the strength of the magnetic 
hejd which liirno the cleriron-emhting mu me*on>i. Variation show* asymmetry of emission. 


interaction tested was the decay of the 
mu meson. The experiment rested on a 
hypothesis which seeks to explain the 
f^ure of mirror invariance in beta^de* 
cay. The theory assumes that in the de¬ 
cay of a mu meson both a neutrino and 
an anti-neutrino are emitted, along with 
the beta particle, and that the neutrino 
always has a right-handed spin while the 
anti-neutrino s is left-handed. It was rea¬ 
soned that when a pi meson decays into 
a mu meson and an anti-neutrino, the 
mu meson must be emitted with a left- 
handed spin to balance that of the 
anti-neutrino. As a consequence, when 
aligned mu mesons, under suitable con¬ 
ditions, decay with emission of electrons, 
the electrons should come out in a pref¬ 
erential direction. The theors' was tested, 
first by a group at Columbia and later in 
other laboratories, and the preference for 
the specified screw direction was verified. 
The Columbia group have used the ef¬ 
fect very ingeniously to measure the 
magnetic moment of the mu meson, and 
thus already have made a useful appli¬ 
cation of the failure of mirror invariance. 

^theoretical physicists have only begun 
to speculate about the more general 
implications of this profound overthrow 
of a basic principle in the world of weak 
interactions. But there is an over-all les¬ 
son which can be put simply; The great 
invariance principles of nature may be 
relied upon within the domains of their 
application, but they are not q priori self- 
evident or necessarily of universal appli¬ 
cation. It is worth while to test to higher 
and higher precision the great founda¬ 
tion principles, including the conserva¬ 
tion of energy. So far as we have gone, 
even in weak particle interactions, en¬ 
ergy conservation appears to hold, but 
does it still hold for the weakest inler- 
actions of all, those involving the weak 
force of gravity? Here one thinks of the 
hypothesis that matter may arise spon¬ 
taneously from a space containit^g no 
energy, and the possibilities are exciting. 
It may also be that there is some connec¬ 
tion between the two major asymmetries 
we now see in the physical world—the 
right-left asymmetry of weak particle 
reactions and the fact that our world 
is overwhelmingly made up of one kind 
of matter, to the near-exclusion of anti¬ 
matter. Perhaps this lead could forge a 
bridge between the microphysics of the 
fundamental particles and the phs'sics of 
the great distances-that is, cosmology. 
It is fair to say that the discover)' of 
the limitations of the mirror invariance 
principle is not a .setback but an oppor¬ 
tunity. \Vc have entered an exhilarating 
time. 
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sume number of electrons. The weight 
of their nuclei, however, may differ. By 
separating from their fellows all atoms 
of the same weight we obtain a pure 
isotope. All elements have a number of 
such isotopes, stable or unstable. The 
neutron has no long-lived stable isotope, 
and probably no second, unstable iso¬ 
tope exists either, though a transient as¬ 
sociation of two neutrons may last for a 
very few cycles of its internal motion. 
The neutron itself is unstable-spontane- 
ouslv radioactive in much the same way 
as some natural radioactive associates of 
uranium are. Instead of decaying like ra¬ 
dium or uranium by emission of an 
alpha particle composed of two protons 
and two neutrons, the neutron decays 
into three particles: an electron, a pro¬ 
ton and a neutrino. This process is culled 
beta decay. It has been predicted theo¬ 
retically tnat half of a given number of 
neutrons will decay in about 10 minutes. 


i.e., the neutron has a half-life of 10 
minutes. Since a neutron lasts only a 
few thousandths of a second before be¬ 
ing absorbed into a nucleus of solid ma¬ 
terial, the number of neutrons that re¬ 
main free long enough to decay spon¬ 
taneously is extremely small and their 
detection most difficult. Recently some 
very elegant experiments have con¬ 
firmed these predictions of theory'. While 

the evidence for the beta decay theor>' 

^ ¥ 

is reasonably clear, the details are far 
from completely understood. An electron 
is certainly sent out as the neutron 
decays, but it is difficult to see how an 
electron can be inside a neutron in any 
understandable way, since the volume 
required by an electron is far larger than 
the entire volume of the neutron. The 
electron is created, with the enigmatic 
neutrino, on the instant of decay. Be¬ 
cause most neutrons are absorbed quick¬ 
ly, and even those not absorbed into 


other nuclei would decay of their own 
accord in a short time, free neutrons are 
hard to find. Their natural habitat is no* 
where. The rocks, the sea and the air arc 
our sources for all the otlier elements, 
but there is no natural storehouse of 
neutrons. A few are manufactured high 
in the atmosphere as the result of colli¬ 
sions behveen cosmic rays and the nuclei 
of the atoms that compose the air, but 
onlv at the rate of about one neutron per 
square centimeter per minute. A few are 
made bv reactions initiated l)v radio* 
activity in rocks. The first neutrons to 
be discovered were part of a steadN 
stream actually produced in the lalx>ra* 
tor^'. 

The earlv study of isotopes had siig* 
gesled several reasons why atoms of the 
same element varied in weight. Among 
the most popular of these explanations 
was the notion that the additional weight 
C'onsisted of extra protons whose charge 
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was without effect l)ecause each was neu¬ 
tralized by an ordinary' electron packed 
within the nucleus. This account was for 
many reasons iinsatisfacton', and in 
1920 the great British physicist Lord 
Rutherford presented his theory’ of a 
neutral particle to explain why nuclei 
were loo hcaw for their charge, a theon.* 
which foreshadowed with remarkable 
clarity the experiments of 10 years later. 
Said Rutherford in the Bakerian Lecture 
before the Royal Society of London: 

"(This assumption) involves the idea 
of the possible existence of an atom of 
mass 1 which has zero nucleus charge. 
Such an atomic structure seems by no 
means impossible. On present views, the 
neutral hydrogen atom is regarded as a 
nucleus of unit charge with an electron 
attached at a distance, and the spectrum 
of hydrogen is ascribed to the move¬ 
ments of this distant electron. Under 
some conditions, however, it may be 
possible for an electron to combine much 
more closely with the H nucleus, form¬ 
ing a kind of neutral doublet. Such an 
atom would have very novel properties. 
Its external field would be practically 
z-ero, except very close to the nucleus, 
and in consequence it should be able to 
move freely through matter. Its presence 
would pro(>ablv be difficult to uetect by 
the S'^ectroscopc, and it may be impos¬ 
sible to contain it in a sealed vessel. On 
tlie other hand, it should enter readily 
the structure of atoms, and may . . . 
unite with the nucleus. . , 

Beginning in 1930 a scries of experi¬ 
ments in Heiclclljerg bv W. Bothe and 
M. Becker and later in Paris bv Frederic 
joliot and Ins wife Irene Curie produced 
a kind of uncharged radiation that had 

r )cnctrating power that was curiously 
ligb even for gamma rays, the very 
short electrornagnctic waves. As a source 
for these nesv rays tlu' experimenters 
used a disk of beryllium metal, against 
which they directed the alplia particles 
constantly emitted bv a member of the 
radium family. James Chadwick of 
Caml)ridgc Universils* repealed the ex¬ 
periment with the same kind of source, 
but directed the suspected new radia¬ 
tion into a Wilson cloud chamber filled 
with nitrogen- He oiiserved that an 
fice.iMonal nitrogen Atom would dart 
across the chamber as though it were 
recrnlirig from an impact much too 
rnassiNc to be caused b\ a wejghth ss if 
eriergetic gamma rav. The 4*vciils in 
lus cloud cliafijl)cT looked ;is though iwo 
p.irtnles as heavy ,is nuclei had cr>l- 
hdf <] and bounced apart, though the 
tra( k of only one was visible. From 
(liis cvi<lence Chadwick was able to 
prove that the new rays Nvere not elcc- 
IroriMgm'tic radi<i(ion but particles. 
Tin* [^articles h.ul a m,iss vrts similar 
to lliat of the j)n>lo/i l)ut no tdectn- 
cal cliargc. V^r tins hitter re.^.^'on ttu* 
particles could iK)t knock eh*Ctroris from 
the atoms in tin* (IoikI cliainl)cr. as the\ 


would have to do in order to leave a 

visible trail. Tlicse electrically neutral 

# 

particles Chadss'ick called neutrons. 

The discoven* of the neutron con¬ 
firmed Rutherford's old prediction and 
made clear the origin of the extra weight 
in the nucleus: the protons provide the 
positive charge of the nucleu.s, and the 
neutrons provide the excess weight. 

Neutrons exist in the nucleus of evers' 

• 

clement except the single-proton com¬ 
mon isotope of hydrogen. In light ele¬ 
ments they supply about half of the 
mass, and in heav>' elements they supply 
much more than ^lalf. The nuclei of the 
Isvo stable isotopes of carbon each con¬ 
tain six protons, which identify them as 
carbon. But carbon 12 has six neutrons 
and carbon 13 has seven. The isotopes of 
uranium each have 92 protons, much 
less than half the weight of the uranium 
nucleus. To make up the difference ura¬ 
nium 235 has 143 neutrons, or 51 more 
neutrons than protons, and uranium 238 
has 146 neutrons. 

The Production of Neutrons 

To study the neutron, as to study any 
other element, one must first purify it; 
in this case purification means separat¬ 
ing the neutron not from any mere 
chemical combination but from a tight 
nuclear bond. Such a physical separa¬ 
tion of the condensed nuclear material 
is far more difficult than even the most 
obstinate chemical separation, as, for 
example, that of the compounds of fluo¬ 
rine. From the chemist's point of view 
the extremely resistant fluorocarbon 
plastics arc tightly bound and stable 
compounds, hut with sufficient effort he 
can break them down with heat or mol¬ 
ten alkaline reagents. The separation of 
nuclear material, however, involves 
wholly different technic[ues. The sim- 
j)lesl neutron source is essentially the one 
used by its discoverers: an inch-long 
sealed brass capsule in which alplia par¬ 
ticles from a radium salt bombard beryl¬ 
lium metal powder. Most of the fust 
alpha particles come to rest after fritter¬ 
ing away their energy against the atomic 
electrons, never encountering other 
nuclei. But on rare occasions an alpha 
particle will collide with a berN’llium 
nucleus and expel a neutron. A goD<l 
yield is oiic neutron for every 5.000 
alpha particles emitted by the radium. 
S\ich a nuclear reaction creates a com¬ 
paratively sfuall trickle of neutrons. In 
actual numbers such a trickle may 
amount to a million per secx>nd, but at 
this rale it would take all of geological 
tune to set free even a single gram of 
neutrons! 

All) source of fast particles or gam¬ 
ma rays with enough energy directed 
against a target made of a light element 
N\ ill set free neutrons. 1‘he prewar physi¬ 
cist lypieall) used (iist deiiterons. c-om- 
|>osecl ol ,1 neutron and a poton, on 


bcPk'llivm In a cyclotron. The intensity 
of neutrons produced by the deutcron 
l>cam of even a modest C)'c1otTon ccjuals 
that of many kilograms of radium. But 
if neutrons stream from the largest cy¬ 
clotron, a veritable Niagara of them 
bursts from the chain-reacting atomic 

f iiles developed during the war. The 
argest neutron-producing plant of nil is 
that at Hanford, the Atomic Energy 
Commission's plutonium factory in the 
state of Washington. Hanford manufac¬ 
tures neutrons as a nuclear reagent, and 
a few grams of neutron gas arc sufficient 
to make a kilogram of plutonium. About 
half the weight of every lump of dirt is 
neutron, since, as we have noted above, 
the nucleus of almost every atom con¬ 
tains as many neutrons as protons. But a 
billion-dollar plant can produce in one 
day an amount of the pure nuclear re¬ 
agent to be measured only by the ounce. 
Expensive stuff! Once made, hosvever, 
this intensely powerful reagent is the 
philosopher's stone in the large-scale 
alchemy of the plutonium project 

The Detection of Neutrons 


It is a simple but not a trivial matter 
to detect the presence of neutrons, even 
in small quantities. Any fast charged 
particle leaves a wake of charged atoms, 
or ions, which may easily be recorded 
on a photographic plate or detected by 
such electronic devices as the Geiger- 
Muller counter. Since neutrons have no 


charge and therefore cannot knock free 
any atomic electrons, they leave no such 
track to be recorded. It is possible in 
principle to detect the accumulation of 
neutrons by measuring the gain in 
weight of tne material surrounding the 
neutron source as neutrons are captured. 
Such a method is impractical, however, 
because of the extremely small weights 
involved. Even if one used hydrogen, 
whose individual atoms* weight would 
double on the addition of a neutron, 
there would be so few hydrogen atoms 
affected that their presence could hard¬ 


ly be noticed among all the others. For 
special investigations with the most 
copious neutron sources—nuclear re¬ 
actors—such measurements cun be made 


with a sensitive mass spectrograph, but 
even this method is too delicate and 
complex for any routine detection. For 
ordinary purposes neutrons may be 
detected only indirectly through some 
specifically nuclear effcel. One im- 

[ >ortant and typical method employs 
loron 10. \Mien it captures a not-too- 
fast neutron—which it can do with a 
probability nearly unexcelle<l among 
nuclei—this boron isotope flics apart into 
two fragments, one a fast-moving alpha 
particle and the other a nucteus of 
lithium 7. Both the alpha particles and 
the lithium nuclei leave a strong, easily 
detectable track of ions in their wake. 


The basis for nuclear reactors and atomic 
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lx>mb$ is of course the fission of uninium 
235 when it captures a neutron; this 
phenomenon can also be used to detect 
neutrons. The fission method of detec* 
tion, with boron 10 or uranium 235, 
is most useful for rather slow neutrons. 
The detection of fast neutrons is often 
managed differently. A neutron travel¬ 
ing at high speed is not usually cap¬ 
tured by the first nucleus it meets; it 
collides only to recoil. In the collision 
the neutron slows down, while the nu¬ 
cleus that was hit goes faster than before 
the encounter; the neutron has shared 
its kinetic energy with the nucleus it has 
bumped. By mere impact the fast neu¬ 
tron jolts the target nucleus sharply off 
its course, usually without disturbing it 
internally. As it bounds away from the 
collision, the nucleus leaves many of its 
electrons behind. Now that the atom has 
become a charged ion, it leaves a wake of 
other ions which can be detected. Almost 
every neutron comes finally to the end 
of its free life captured by some nucleus; 
this very efficiency provides still an¬ 
other method of detection. A small foil, 
say of silver, is exposed to a stream of 
neutrons. Each silver nucleus that ac¬ 
quires an extra neutron becomes un¬ 
stable, and within a short time emits a 
beta particle whose ionizing track may 
be detected in some standard counter. 

Let us trace the c;ireer of a free neu¬ 
tron from the moment of its liberation. 
To do this we may use an ordinary neu¬ 
tron source, a capsule filled with beryl¬ 
lium and radium, placed in a bucket of 
water. Occasionally, if the circumstances 
are favorable, a neutron is released from 
a beryllium nucleus as it is hit by an 
alpha particle. A steady supply comes 
out of the capsule in all directions. As 
each neutron emerges from its nuclear 
bonds, it is traveling at about a twentieth 
the velocity of light, with an energy of 
some millions of volts. The neutron 
passes through hundreds of millions of 
atoms in the inch or so it traverses before 
colliding with a nucleus of hydrogen or 
oxygen in the water. The fast neutron 
usually bounces off the nucleus in this 
first collision, going off in a new direction 
at a slightly lower speed, while the nu¬ 
cleus is jolted into moving faster than t>e- 
fore. With each collision the neutron 
loses a little more of its original store of 
kinetic energy, which is taken up by the 
nucleus that it hits. The nuclei in the 
water have had the effect of moderating 
the speed of the neutrons without cap¬ 
turing them, and for this reason water is 
called a moderator. Many elements with 
light nuclei are effective moderators. 
Compounds of hydrogen, oxygen, car- 
1k>ii and beryllium are all satisfactory, 
but water, graphite and paraffin arc most 
frequently us^ because they arc readily 
available in pure form. After several 
hundred nuclear collisions, the neutron 
h;is slowed down until its motion is com¬ 
parable to that of the relatively slow- 


moving atoms in the water around it. 
The neutron is still moving at supersonic 
speed, but this is thousands of Hines 
slower than when it was freshly re¬ 
leased. Such a neutron which has come 
to share the ordinary heat motion of the 
atoms of the moderator is called a ther¬ 
mal or slow neutron. Sometimes a neu¬ 
tron will escape by chance through the 
wall of the bucket into the air of the 
room, where, of course, the molecules 
are far apart compared with those of 
water. Here the neutron can travel a 
long distance, often several hundred 
yards, before colliding with another nu¬ 
cleus. Most of the neutrons in pure wa¬ 
ter, once they have slowed down, will 
be finally absorbed by nuclei of hydro¬ 
gen to form the isotope deuterium, fa¬ 
mous as the essential element of heavy' 
water. 

A slow neutron is the most efficient 
nuclear reagent known. A slow-moving 

f iroton or alpha particle is kept far away 
rom a nucleus; the electrostatic repul¬ 
sion a posiHvely-charged nucleus e.xerts 
on a positively-charged proton or alpha 
particle keeps away all but those with 
the highest energy. Once a proton or 
alpha particle has slowed down, it wan¬ 
ders about with no prospect of getting 
near a nucleus, but instead picks up an 
electron or two and settles for the quieter 
life of a stable atom. On the other hand, 
the slower the neutron, the more likelv 
it is to be captured. No neutron escapes 
eventual capture by some nucleus, ex¬ 
cept for the one out of every few million 
that spontaneously decays. Pot the phys¬ 
icist who wishes to control the fate of his 
neutrons the chief problem is one of 
cconomy-hc must prevent the loss of 
neutrons, whether through random dif¬ 
fusion out of the apparatus in which he 
is working, or from capture in the ex¬ 
traneous material within that region. The 
latter part of the problem is solved by 
the use of carefully purified moderators 
so that the neutron will have little op¬ 
portunity to combine with any unfore¬ 
seen substance. The former part of the 
problem resolves into a question of size; 
to prevent neutrons from diffusing out 
of his working region the physicist makes 
the region ever larger. A laboratory 
where neutron work is done is character¬ 
ized by large piles of graphite blocks or 
boxes of paraffin or even tanks of the 
costly heavy water. Such arrangements 
are die closest approximation to bottles 
for the most active of all reagents. 

Tlic Neutron as a Wave 

Thus far we have spoken of the neu¬ 
tron as a particle, a hard round speck of 
stuff. But this is only one aspect of the 
neutron; indeed, it is only one aspect of 
all the atomic material of modem phys¬ 
ics. Not only is the neutron a particle, 
it is also a wave. This subtle notion of 
the duality of matter is the fundamental 



GLOSSARY of the fumlaiiiental par¬ 
ticles of matter liisl« their electriral 
charge ( + or — i or lark of it 1 0 1 . 
Also hliown is the inasn of the parii- 
elrs in terms of that of the electron. 
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ihe curve iiulicate* the rro« section, i.e.. the proha- cadiiiitim i* a very efficient ah*orl»er of »low neutron*. 


principle of qunnhim thcorv*. ihM indis* 
pensnme language of the mcKlcm physi¬ 
cist. Perhaps the most spectacular aspect 
of tlic neutron as a wave is the pheno¬ 
menon of nuclear resonance. Resonance 
is the familiar but always marvelous con¬ 
comitant of any pcrio<lic disturbance. In 
its essentials nuclear resonance has much 
in common with a child on a swing. By 
gentle but carefully timed pushes, ad¬ 
justed to the particular swing, the child 
can send the swing far above the bar 
from which it is suspended. What hap¬ 
pens when a neutron wave encounters 
a nucleus? Of course the nucleus is a 
little sphere with three <limensions. and 
neutron waves encounter it from all 
sirics. But for simplicity let us use a one- 
dimensional analogy, then the nucleus 
has simply a front and a back edge 
which he in the path of the neutron 
wave. The analysis recpiired to extend 
this picture more realistically to three 
dimensions wc can leave to mathemat¬ 
ics. Now when a wave strikes anv ob¬ 
stacle. part of it goes on. but some of 
Its energy is scattered back. In our onc- 
dimerisional case both the front and liack 
edges of the nucleus send a small portion 
of the wave back in the direction wbenc<* 
it came. If it happens that the portion 
diffracted h\ the back edge returns to 
the front edge in such a wav as to be 
pr<*cisely in step willi the incoming 
wave, wc have <k condition of resonance. 
The incoming uave is reinforced by the 
diffr.itled wave. Stronger now. the in¬ 
coming wave will .igain diffract at the 
back edge and contribute a portion of 
itself, still in step after a complete round 
trip across the nucleus, to the next in- 
(orning crest. If these \saves are exactly 
in step the) will reinforce indefinitely, 
the amplitude ol the wave inside the 
nucleus \silh after nianv internal trasers- 
als, liecomc ven large. If we use the 
(juaiitum l.inguage' to translate wave into 


particles we find wc have l>ccn saving 
that captured neutrons arc vcr>’ likely to 
l>c found within the nucleus. The rein¬ 
forcement requires that the time l>c- 
tween successive incoming wave crests 
precisely match the time for the interior 
wave to complete the round trip across 
the nuclear obstacle. The incoming 
wavelength, which is fixed by the ener¬ 
gy of the neutrons, will determine the 
entire c'oursc of events. For exactly tlic 
right wavelength, or neutron energy, the 
match will l)c perfect: the nucleus will 
voraciously absorb neutrons; for an en¬ 
ergy just a trifle different, the nucleus 
will be almost transparent to neutrons. 
The resonance can be broad or narrow, 
just a.s a tuned radio circuit can have a 
sharp or broad response. The study of 
resonant cncrgie.s and the breadth of 
their peaks comprises the study of all 
internal motions of the nucleus. The 
study is vigorously pursued by physicists 
over the whole range of neutron energies 
and over all available target nuclei. 
^^^ 1 at is especiallv interesting for physi¬ 
cists who study nuclei with neutrons is 
the great effectiveness of slow neutrons. 
The fact that neutrons have no electric 
charge and thus experience no electro¬ 
static repulsion means that they c«in in¬ 
teract strongly with nuclei even when 
verx* slow. A beam of thennal neutrons 
mosnng at about the spct^l of souml. 
which corresponds to a kinetic cncrCV 
of only a fortieth of an electron volt, 
prwltices nuclear reaction in manv mate¬ 
rials much more easily than a l>cam of 
protons of millions of volts cnerg) , trav¬ 
eling thousands of times faster. A dou¬ 
bling of the neutron energy represents 
a large and thus easily measuranlc per¬ 
centage change, but corresponds to a 
small fraction of a volt energy increase, 
a variation which would l>e undetecta- 
bK small against the million-volt energy 
of the chargerl-particle l>eam. An energy 


change of a fess' thousandths of a volt is 
enough to carry the neutrons across an 
entire nuclear resonance peak. This 
enormous and unexpected magnification 
of the first volt or so on the energy scale 
—the cnergx' range occupied by slow 
neutrons—is perhaps the single greatest 
aid to the unraveling, still very much 
unfinished, of the structure of all but the 
lightest nuclei. It is n little out of our 
scope, but worth the digression, to point 
out that on the energy scale the position 
of just one of the millions of resonance 
levels which could be observed for a 
uranium nucleus is decisive for the suc¬ 
cess or failure of the slow-nculron chain 
reaction. Special devices that produce 
l>cams of neutrons of a single and care¬ 
fully controlled energy arc used for the 
study of nuclear resonance. Tliese de¬ 
vices, which have been made in wide 
varict)\ depend on crystal effects or on 
careful mechanical or electrical timing 
of neutron flight to produce their single- 
energy l>cams. At somewhat higher ener¬ 
gies the cxj>erimcntcr manages to use 
nuclear reactions for the generation of 
neutrons which are of sucli a kind that 
the neutron energy varies as he varies 
the energy of the charged-particlc beam 
that produces the reaction. Tlie whole 
neutron energy range from zero up to a 
few million volts has been studied with 
some care. Tlic first imjMirtant volt is 
now expanded into a thousand analyzed 
strctciies; clearly for sheer bulk of in¬ 
formation such a detailed study cannot 
lie spread over a million volts. 

Neutron Diffraction 

The wavelength of thermal neutrons 
is several angstrom units, comparable to 
the distance l)chvcen atomic nuclei in 
a crystal (an angstrom is a hundred 
millionth of a centimeter). The neutron 
wave can thus be diffracted by crystals. 
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DIFFRACTION OF NEUTRONS has been used to 
study crystals by C. G* Sliull and E. O, Wollan of Oak 
Ridge National Laboratory. In their experiments neu* 


tron» e^capc from a reactor through a quartcrdiich liolc 
in its shielding. When the neutrons arc difTracted by 
a crystal, they make spots on a photographic plate. 


To clarify the notion of diffraction, hold 
under a lamp a microgroove phono¬ 
graph record slanting away from your 
eye, and you will see a series of rain¬ 
bow colors. This is the diffraction pat¬ 
tern made by light waves striking the 
grooves. The space between grooves is 
50 times the wavelength of visible 
light, but this is fine enough to show 
visible, though ratlicr crowded, patterns. 
For precision optical work, where clearly 
defined and widely separated diffraction 
patterns are*cssential, the physicist uses 
glass carefully ruled with some 10,000 
parallel grooves to the inch. Each groove 
scatters the light that hits it, and the 
regularly spac^ array of grooves works 
to reinforce the light scattered in a few 
special directions to form regular dif¬ 
fraction patterns. The sharp deRnition 
of these patterns depends on the precise 
spacing of the grooves. For the diffrac¬ 
tion of X-rays, whose wavelength is 
thousands of times shorter than that of 
visible light, no man-made rulings can 
be fine enough. The regularly spaced 
atoms of crystab, however, malce an ex¬ 
cellent submicroscopic diffraction grat¬ 
ing. The physicist has used X-ray diffrac¬ 
tion techniques for decades to study 
crystal structure. The geometric arrange¬ 
ment of atoms within a crystal is made 
vivid by tlic famous Laue spots, the dots 
on a photographic plate made by X-rays 
diffracting from rows of electrons within 
the crystal. Now just as X-rays are scat¬ 
tered by the electrons of atoms in a crys¬ 
tal, neutrons are scattered by the nuclei 
of such atoms. The physicist today has 
added a neutron source and detector to 
the standard X-ray diffraction apparatus 
so tliat diffraction techni(]ucs may now 
be applied to the study of nuclear prop¬ 
erties. The diffraction of slow neutrons 
is also useful to those who study crystal 
structure by diffraction. In ordinary X- 
ray diffraction pictures the very light 


atoms like hydrogen can hardly be de¬ 
tected, especially when they are found 
combined with heavy' atoms in some 
crystal; the few electrons of the light 
atoms are masked by the many electrons 
of the heavy' atoms. In neutron diffrac¬ 
tion electron charges have no effect, and 
only' the nuclei show. Light nuclei may 
be seen as well as heavy ones, often even 
better because their diffracting proper¬ 
ties depend not on weight but on specific 
nuclear differences. Among the most re¬ 
cent stxidies made possible with this new 
technique has been one of the structure 
of the cry'Stal ice; this confirmed pre¬ 
vious indirect assumptions about the lo¬ 
cation of the hydrogen nuclei in a net¬ 
work of frozen water molecules. 

Even more familiar than diffraction 
arc refraction and reflection. All three 
are properties which depend on the fact 
that waves c;m be scattered. In diffrac¬ 
tion the responsible scattering centers 
arc individual, regularly-spaced obsta¬ 
cles, but in reflection or refraction the 
scattering is the statistic«d summation of 
the effects of all the atoms of the mate¬ 
rial involved. Visible light can be re¬ 
flected from a class or metal mirror at 
almost anv ancle; X-rays and neutrons 
can be renecteu appreciably only at low 
angles. In some recent investigations 
neutrons have been refleclecl from the 
mirror surface of a li({uid mixture of hy¬ 
drocarbons, i.e., compounds of hydrogen 
and carbon. This experiment has made 
possible a nrccisc ana complete measure¬ 
ment of the various interactions of the 
neutron with carbon and with the pro¬ 
ton of hydrogen. Because of the com¬ 
paratively simple “optical" nature of the 
experiment, such interactions can be 
studied by measuring the angles at 
which complete neutron reflection lakes 
place. Once such interactions could be 
observed only by making measurements, 
never very accurate, of tlic passage of 


neutron beams-regarded as a stream of 
particles—through waxv filters. The 
neutron-hydrocarbon reflection studies, 
though essentiallv the studies onlv of 
neutron wave effects, throsv a direct 
light on the bcha\ior of the neutron *is 
a particle. 

New (Questions 

Up to now wc have discussed facts 
about the neutron, the hard core of facts 
which have been tcstetl experimentallv 
and are clearly understood. But in the 
20 vears since the neutron was discov- 
ered. a great many new ({ucstions have 
been raised. Some of them have l>eeii 
answered definitively, but manv others 
remain unsolved. Let us consider these 
latter questions, along with most phvsi- 
cists. If we were to plot on a graph the 
growth of the physicist’s uiulerstaiuling 
of the neutron, we would have a reason¬ 
ably smooth ascending curse for the first 
10 or 15 years, l)ut during the past few 
years we would have a profusion of scat¬ 
tered points with no one clearlv definerl 
direction. Perhaps after another decade 
the dots will have formed a clear pat¬ 
tern, and the curve will continue to a 
peak of real understanding. .\t present, 
Iiowever, the status of the neutron as a 
fundamental particle is far from clear. 
What follows is a summary of current 
ideas: shaky speculation combined with 
firm experiment. 

Is the neutron really neutral? Up to 
the time the neutron was discovereil, all 
other particles known to have a mass 
also had an electric charge. The question 
of ncutralitx' has been troubling ])hvsi- 
cists since the dav neutrcMis were dis¬ 
covered. Charged particles are deflectcxl 
by electric or magnetic fields; Chadwick 
himself tried in vain to deflect the neu¬ 
tron with an electric field. His succc'ssor^ 
have likewise failed to obserxo anv ile- 
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flection of even the slowest neutrons 
with the strongest electric fields. 
Charged particles knock electrons from 
atoms, leaving ions; no ionization has 
ever been noticed along the track of a 
neutron except when charged particles 
have recoiled as the result of a direct hit 
on a nucleus. The beta-decav experi¬ 
ments which showed that the neutron 
decomposes into a proton and electron— 
two particles of equal and opposite 
charge—confirmed all the previous as¬ 
sertions as to the over-all electrical neu- 
tralitv of the neutron. It was found long 
ago, however, that the neutron has mag¬ 
netic properties, that it lines up like a 
compass needle of a tiny hut definite 
strength or *"magnetic moment'* in an 
experimental magnetic field. The deu- 
teron, which, to repeat, consists of a 
neutron and a proton, was found to have 
a magnetic moment only al>out one- 
third that of the proton W itself. The 
proton was known to have almost three 
of the natural nuclear units of magnetic 
moment. The difference between the 
moment of the deuteroii and that of the 
proton was accounted for by an assumed 
magnetic moment for the neutron of 
about minus two units. This assumption 
was confinne<l by direct measurement in 
an experiment done just before the war. 
Just as iron filings can be guided bv a 
magnet, so it was found that slow neu¬ 
trons could be deflected from their 
course by passing them through mag¬ 
netized iron. For the first time the effect 
of a magnetic field on a neutron was 
clearly observed. The minus sign for the 
neutron's magnetic moment indicates 
that the direction of the neutron's mag¬ 
netic poles is mechanically opposite that 
of the proton's. One may visualize the 
neutron and the proton iis tiny gyro¬ 
scopes, each with a bar magnet as its 
axis. If a neutron and a proton arc spin¬ 
ning in the same direction, their magnets 
will point in opposite directions. 

It is very difticult to believe that the 
neutron can be magnetic and yet be as¬ 
sociated with no electrical charge what¬ 
ever. Recent experiments seem to indi¬ 
cate, in fact, that the neutron consists of 
a positively-charged core surrounded by 
a thin shell with an c^jual cpiantity of 
negative charge. Again to repeat, the 
neutron responds primarily to nuclear 
forces which reach only some cen¬ 
timeters into space, while the distance 
from an atomic nucleus to one of its 
electrons may be 100,000 times as far. 
The neutron thus rarely hits an electron; 
at any reasonable distance the neutron 
appears entirely neutral, its interior posi¬ 
tive charge canceling out its exterior 
negative one. If a neutron comes very 
close to an electron, so that the electron 
lies partly within the negatively-charged 
shell, the neutron should no longer ap¬ 
pear entirely neutral. In the experiments 
done to test this hypothesis, slow neu¬ 
trons were scattered from the atoms of 


xenon. Xenon is the heaviest and hence 
the most electron-rich of all the inert 
gases. These gases form no chemical 
compounds wnatever. The theory of 
atomic structure can explain this prop¬ 
erty by the circumstance that the elec¬ 
trons in such gases are arranged so that 
their magnetic effects cancel completelv. 
The magnetic moments of the electrons 
are pair^ off, each moment canceled by 
one aligned in the opposite direction, so 
that there is no possible net magnetic in¬ 
teraction between a xenon atom and anv 
external magnet such as a neutron. Now 
the nuclei of atoms scatter verv slow 
neutrons uniformly in all directions, es¬ 
sentially because nuclear interactions 
are localized at the very center of the 
atom. If the atoms of xenon scattered 
neutrons unevenly in various directions, 
it must be l>ccause there is some inter¬ 
action between the electrons of xenon 
and the neutrons. But this could not be 
magnetic: the magnetic forces canceled. 
Yet each electron acted as a weak scat¬ 
tering center, its effect being about a 
thirty thousandth as strong as that of 
the nucleus. The net result was not en¬ 
tirely unambiguous, but together with 
related experiments it indicates that the 
neutron does, indeed interact, though 
very slightly, with the electron s charge. 
There is no doubt that the neutron has a 
charge-l>caring structure, though it is 
neutral overall. 

Neutrons in Nature 

In the earth and the air around us. 
indeed in our very bo<lie$, there is al¬ 
ways a perceptible background of neu¬ 
trons. The rauium-ber)'Uium source used 
to produce neutrons in the laboralorv has 
its counterpart in nature, both deep in 
the earth and high in the air. Rocks, 
though almost entirely composed of 
light elements, generally contain small 
(juantities of heavy radioactive elements. 
Occasionally alpha particles released by 
these atoms of the radioactive uranium 
family strike against and react with the 
nuclei of the abundant silicon or magne¬ 
sium atoms within the rock, just ;w mey 
strike the nuclei of bcr)’lliurn in a lab¬ 
oratory source. The result of these col¬ 
lisions within the rocks is a small, steady 
glow of neutrons, a few of which in¬ 
evitably escape into the air. An even 
richer source of natural neutrons oper¬ 
ates high in the atmosphere, mostly 
above six miles. There the harsh rain of 
primary cosmic rays beats down on the 
atoms of the atmospheric gases. When 
one of these high-energy cosmic parti¬ 
cles encounters the nucleus of an atom, 
the nucleus explodes into fragments; the 
pronged image left by such an explosion 
in a cloud chamber or photographic 
plate is called a "star.'* Each of the many 
rays of the star corrc$pond.s to the tract 
of a chafed particle released in the ex¬ 
plosion. For every particle leaving a vis¬ 


ible track, however, usually one neutron 
goes off leaving no track at all; some 
neutrons travel through the air for miles 
before being slowed and captiire<l. The 
production of neutrons in rocks and in 
the upper air is a slow process compared 
to the wholesale production of the lab- 
orator). But as far as neutron cnergv is 
concerned, the neutron trickle from 
rocks and the neutron bursts of cosmic 
rays are roughly two extremes. Neutrons 
set free in the laboratory' run the gamut 
of energies in between, sometimes in¬ 
deed a bit lower than those made in 
rocks, but not yet and perhaps never as 
high as those made in some cosmic rav 
explosions. 

Since the discover)* of the neutron, 
and largely with its help, a tremendous 
lore about the transmutations of nuclei 
has developed. In place of the chemist's 
familiar periodic chart of the elements, 
the wall of a nuclear laborator\' any¬ 
where displays a nuclear isotope chart 
which plots all the known stable and 
unstable nuclei. Thi.s chart is a compact 
suminarx' of facts the detaile<l descrip¬ 
tion and analysis of which would fill a 
good many volumes. Each nucleus has 
its own S(juare, whose position on the 
chart is determined by the nurnln*: of 
protons and neutrons in the nucleus. 
Within each s<|uarc is packtxl a vast 
amount of abbreviated infonnation. 
From this chart one can tell which nu¬ 
clei arc stable and how abundanth these 
stable isotopes occur in nature; the 
half-lives of unstable elements and the 
particles they emit; and what nuclear re¬ 
actions occur when the particles are cap¬ 
tured. The Physical Rccieu , like ever\ 
other journal of physics, is constantly 
filled with papers reporting the discov* 
eiy of new isotopes and new j^roperties 
of known isotopes, so that a nuclear 
chart is l)arcly printed InTore it needs 
revision. The crowdetl nuclear chart is, 
of course, merely a .symbol for the wliole 
.study of nuclear reactions, vast enough 
to constitute an independent branch of 
plivsics. The experimenter has mea.su red 
and de.scribed in detail as much as he 
can of the events which occur in a long 
series of nossible nuclear reactions, if. 
for example, he bombards boron 10 with 
neutrons of a given energ)* to produce 
lithium 7 and alpha particles, he t'ounts 
the numl>cr of alpha particles and lithi¬ 
um nuclei and tlien calculates the proh- 
ability for the reaction to ot'cur. The 
boron hit by a neutron geiUT.dlv j)ro- 
duces a gamma ray in a<ldition to lithium 
7 and an alpha particle of less energy 
than before. He counts the nundn'r of 
gamma rays also and determines the de¬ 
gree of coimsctition which this alterna¬ 
tive to the first reaction represents. He 
uses his instruments to observe the boron 
target from many different .ingles and 
notes the rate of alpha particle pr<Kinc- 
lion at each angle. He varies the energv 
of his incoming neutrons and stnilies the 
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eficct of sucli variation on tlic yield of 
all the reaction products. The study of 
the neutron-boron 10 reaction outlined 
sketchily here luis been repeated in 
greater or less detail for literally hun¬ 
dreds of dilTercnt reactions. All the facts 
:tf)d figures assembled in these many ox- 

f teriments have tended to confirm the 
undamcntal picture upon which the 

C lwsicisI builds: the nucleus is a tightly* 
ound collection of protons and neutrons 
whose structure he intends to unravel. 


Co^»?nir Rayg 

The climax of this intensive study of 
nuclear reactions is the study of the 
really high-energy events such as the 
biggest cosmic ray explosions and the 
reactions recently produced bv the high* 
energy particle accelerators of the post* 
war years. Bv exposing photographic 
plates to cosmic rays the physicist can 
display in minute detail the complicated 
pattern of an event which occurs to a 
single atom, but with an enormously 
concentrated energy in a thousand mil¬ 
lionth of a second. He is able to do this 
because each charged particle released 
in the explosion radically disturbs each 
tiny crystal of the photographic emul¬ 
sion through which it passes, in just the 
same way that light disturbs such cr^'s- 
tals in ordinary photography. Becatise 
the sensitive emulsion of the photo¬ 
graphic plate is a layer no thicker than 
a sheet of heavy paper, the path of a 

C article tlirough it is very' short, unless 
y happy accident it is closelv parallel 
to the plane of the emulsion. Any de¬ 
tailed examination of the in<lividual 
crs'st.il grains in the emulsion re<jiiiies a 
microscope. Se<‘ii through a microscope 
the track of a f.ist proton, sav, appears 
to be nn irregular row of tinv d.irk dots, 
each dot roproscntuig wh.it was once .i 
transluc<*nl grain of silver bromide, so 
affected bv the rtide p.issage of a 
charged particle dial it turned to a black 
metallic speck of silver when the devel¬ 
oper solution reached it. Because they 
do not l<Mve tlie tracks rif charged p.ir- 
tides, neutrons cannot be seen directis. 
but their presence in cosmic rays is made 
alumdantK clear bv their other effects. 
After A painstaking cKarnination of such 
a cosmic ray pbologr.ipli, the pliysicisl 
is able to descTiljc an explosion in de¬ 
tail, Me knows which particle set olf the 
explosion, since he c.in learn its mass, 
charge and c*nergv bv measuring such 
'luantitn s .is tlic gram spacing and the 
(l(*via(lons <jf Its tortuous path (hrougli 
the crnulsiuii. He measures m the same 
uas the tracks of all the v.inous |)articles 
producecl bv llic*-<*xplo>ion. From these 
studies of nuclear explosions have 
enicrged a wliole series of f,icts ssliidi 
plus .m import.int part m our knowledge' 
of line h'ar reac tions. 

) la most exciting find resulting from 
(he* (»bs('iv.iteoi of <*osrriic rav ('Xplosions 
irj phtitrtgr.ipliK f*rrMilsirjris sv.is (hi* * pi 


meson*** a new particle xvhich interacts 
with neutrons and protons. Pi mesons 
have a mass about one-sixth that of a 
proton. Three kinds occur: one with a 
positive charge, one with a negative 
charge and one with no charge at all. 
Such mesons arc transient; \smcn free 
they lost only a hundred millionth of a 
second and usually travel only a few feet 
in air. Although thev are intrinsically so 
different* one may <lraw an analogy be- 
hveen the role of mesons and that of 
light ^'particles.** or quanta. When elec¬ 
trons are ripped from an atom, the en¬ 
ergy and momentum of the electro¬ 
magnetic field of force which holds the 
charged particles of the atom together 
are partly released in the form of light 
quanta which travel out into space in¬ 
definitely, far from the disturbed atoms. 
Wc say that the light is radiated. Now 
if wc consider the nucleus to be a col¬ 
lection of neutrons and protons held to¬ 
gether by nuclear forces, we may by 
analogy expect that when a nucleus is 
disturbed and ripped apart, the energy 
released appears partly in the form of 
mesons, wliich play tne same role for 
nuclear forces as light quanta do for the 
electromagnetic binding forces of the 
atom. In each c:isc the very action of 
rearranging an existing structure, cither 
atom or nucleus, creates something new 
which radiates afar. In one case wc have 
light <|uanta, wliich liavc no charge and 
no mass, and in the other case free 
mesons, which have both charge and 
mass. This nation of a complete analogy 
between light <|uanta and mesons is an 
extension of the idea of treating the nu¬ 
cleus as a kind of condensed atom. If 
wc look at the nucleus this way, the 
forces that bold it together involve a 
kiiul of incessant exchange of mesons 
between the nuclear particles. The idea 
was first clearly expressed by llie Japa* 
nese physicist Hideki Yukawa about 15 
years ago, and it has remained a major 
guide for such investigations ever .since. 
For some time the .study of mesons was 
confined to their analysis in cosmic rays, 
but new particle accelerators have been 
able for three years to make mesons arti¬ 
ficially. Meson research is now going 
for\s,ud vigorously in many laboratories, 
Sever.d different types of mesons have 
been discovered in a vcr\' few years, but 
of these the pi meson just now appears 
to be most closely relate<l to nuclear 
forces. It is the origin of lb<*si* forces 
dial remains unclear. 


I be Cri^'i' of Pli»ir*-^ 

I he crisis in pbvsics centers about dif¬ 
ficulties in the concept of fuiulamenta) 
p.irticles. Physicists l)elievc that protons 
iind neutrons are fairly perrnaTient con- 
sl](u(*nts of nucleai matter, and in this 
sense the) au‘ fund.uncntal. In no nu- 
elc.ir UMCtioii .it present-day energies 
tloes the total number of neutrons and 
piotons eli.ingc The fund.unent.d piob 


1cm is still tvinj these Juiul.imiiita] pai- 
(iclcs act as they do. Physicists have a 
reasonably dear and detailed picture, as 
wc have seen, of how the neutron and 
proton act, and the experimenter can to 
a large extent control their interactions. 
So far so good. But the theory lags; real 
understanding is scant. Consiclcr the 
electron. WTiilc tire physicist cannot pre¬ 
dict the charge or tne mass of the elec¬ 
tron, be can, given these numbers, fully 
account to six decimals for the magnetic 
moment of tlic electron. He Ciin calcu¬ 
late in detail at any energy the interac¬ 
tion of electrons with each other and 
with light. This gives some confidence 
that the electron, whose properties arc 
described so completely and so econom¬ 
ically by the equations of the English 
physicist P. A. M. Dirac and the recent 
orilliant extensions of electromagnetic 
theory, is in a practical sense a simple 
and fundamental particle. Given a very 
few of its properties, the rc.st follow 
from the theories in rich detail. But as 
wc have seen, this is not so for the nu¬ 
clear particles, the proton and the neu¬ 
tron. The essential icature xvhich seems 
to distinguish the cases is the strong in¬ 
teraction betxvccn the proton and neu¬ 
tron on the one hand and the meson on 
the other. We cannot even approximate¬ 
ly regard the neutron or the proton as a 
well-defined and stable fundamental 
particle. On the conlrar)', these parlicle.s 
must he described as regions of inter¬ 
action. A neutron must be pictured as a 
"bare** nuclear particle around which 
mesons steadily form and disappear. 
These are genuinely transient mesons; it 
is impossible to observe them os real 
particles, for the verv' process of observa¬ 
tion disturbs the xvliole system enough 
to release them as free mesons, no longer 
bound. A neutron that became briefly a 
proton and a negative pi meson, or sev¬ 
eral mesons witli net ek'ctrical charge of 
zero, and then rccombinetl, would ac¬ 
count graphically for some of the pii/.- 
zling propertic^s of this ‘Tundamentar' 
particle. The tentative picture is not un¬ 
attractive, but it is quantitatively incor¬ 
rect and generally intractable. 

This rough working bvpolbesis is re¬ 
inforced, however, by the observation 
that a neutron and proton may change 
plac'cs during a collision. A fast neutron 
goes by a proton and a fast proton comes 
out tr.iveling in almost the same direc¬ 
tion, while a neutron recoils rather slow¬ 
ly. This particular phenomenon occurs 
too often to be accounted for by a direct 
hit. which is after all a relatively rare 
occurrence; it must be happening even 
xvhen the neutron merely passes fairly 
near the proton. Such an event could l)e 
accounted for by a transfer of a charged 
meson between the neutron and the pro¬ 
ton. There may be inunv such exchanges. 
There is also some evidence, convincing 
but indirect, that electrical currents 
other than those accounted for by the 
motion of the proton flow in tlie nucleus. 
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Tlie existence of nuclear forces of this 
type implies the easy transfer of charge 
between the proton and the neutron. 
The interaction of the many protons and 
neutrons in the nucleus under conditions 
which allow the flow of mesonic currents 
means that the identity of a nuclear par¬ 
ticle is not fixed. Tlie total charge re¬ 
mains immutable, but just winch nuclear 
particle is a proton and which a neutron 
is a ({uestion that must he answered <bf- 
ferently some 10-'^ limes per second. 
The nucleus is no static realm of wan¬ 
dering planets, however pretty a picture 
this malecs for the textbooks. 

TIic Lilnit^ of l’ndcr>tanding 

Our ignorance of tlu» neutron curi¬ 
ously emphasizes the great strides that 
physicists have made in their under¬ 
standing of the nucleus as a whole. They 
have classified a great number of nuclear 
reactions. They understiuul fairly well 
those reactions which occur in the upper 
atmosphere through the agency of cos¬ 
mic rays and those induce<l by the beams 
of accelerating machines. They b.ive 
learned how to manage and predict nu¬ 
clear reactions, from those of tlie simple 
r<kdium-bcr\'lliurn sources to those of 
the fission processes of the uranium and 
plutonium bombs. They now have a con- 
.siderable insight into the complex struc¬ 
ture of nuclei. But physicists luive oiilv 
a confused and fleeting knowledge of 
the real nature of the parts which com¬ 
prise that structure. The neutron and 
the proton can no longer be consirlered 
the fundamental and immutable Imild- 
ing blocks of matter. The current list ot 
'Tundarnentar* particles now includes, 
in addition to tne proton and iieiitroTi. 
the electron, the positron, the mu meson, 
the pi meson, the recently discovered V 
particles, the neutrino and tl»e plmton. 
or light quantum. Not all of these can be 
fundamental in any real sense of the 
svord. The whole concept of matter nuist 
be extended somehow to include the dif¬ 
ferent aspects of these [)articles in some 
unifying theory . Probably the real fault 
lies with the idea that one can separate 
out a fuiKlamental particle. Some view 
of the joint and mutual interaction of the 
many "fields" of the particles whose 
tracks are so patiently and hcautifiillv 
exhibited is perhaps the direction of the 
answer. But as in so much of physics the 
power of understanding is great but 
sharply and paradoxically circuin- 
.scribed. The physici.st contnds tlic chain 
reaction, he catalogues the nuclear lev¬ 
els by tbou.sand.s. he lists the artificially 
produced isotO|)es and their properties 
ill grand array. But the inwardness of the 
neutron lies for a while Iwyond his un- 
derstanding. 
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MAGNETIC RESONANCE 


by George E. Pake 


Atomic nuclei and electrons, which spin on their axes like tops, 
can be tipped over by magnetic fields. The technique furnishes 
much information about complex molecules and chemical reactions. 


UTly in 1946 Edw.nrd Pxircell at 
Hun'arcl UniversitN’ and Felix 
Blocli at Stanford Universitv an* 
nonneed, almost sininltaneouslv, an in* 
terestnig discover)* in physics. They had 
found a wav to time in on the magnetic 
fields of the S|)inning nuclei of atoms. 


The work was important enough to win 
the 1952 Nobel prize in physics for 
Purcell and Bloch. 

It is doubtful that manv people out* 
side the field of nuclear phvsics were 
much excited bv or even took notic'e of 
these experiments at (he time they were 


announced. But by now the phenomenon 
in ijuestion. called magnetic reson.inct'. 
has become a matter of verv' wide inter¬ 
est indeed. Scientists in various distantly 
separated lines of work—geologists, 
chemists, biologists-arc. if ans thing, 
even more e.xcited about tlie discxiwrv 




MACNETJORESONANCE EXPERIMENT on electron, in chlo- 
rophyJt (Jemon.lrute* that pholotynibcia involve^ free nnlicab. 
The sample of chlorophyll ift in the upright lube in the center, be- 


tween iJk* polon of lln* niapiel. Tlic lifibl source wliirh illuminate' 
.ample i» bebiiut magnet, rbin phonigruph >sa^ nviile in ihc Litior.i* 
lor) of Barr) (.onimoner at W.i%biiigtoii t iiiverNiU in S.iint l.nui*. 
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than nuclear physicists. For it has led 
unexpectedly to the development of a 
sensitive tool useful for a multitude of 
purposes^ from prospecting for minerals 
in the earth to analyzing the chemistry 
of living organisms. 

We must start this story by giving 
thought, as Purcell and Bloch did, to 
the spinning behavior of the proton. Like 
the rotating earth, a proton constantly 
spins around its axis (as do all the other 
elementary particles of the atom). It 
spins eternally with a certain momen- 
turn, reckoned in the proton's case as 
one-half unit. Since the proton carries 
an electric charge, its spin generates a 
magnetic field; in other words, the pro* 
ton is a tiny magnet. Now we can ask 
ourselves the intriguing question: What 
will happen if we apply an out* 
side magnetic field to this little magnet? 
Purcell and Bloch fell to wondering (in* 
dependently) whether it would be pos* 
sihlc to use a magnetic field to manipu¬ 
late the spinning protons in a piece of 
matter: say. flip them over so that their 
north and south poles were reversed. 

Here it is usehil to think of an ordi¬ 
nary spinning top or a g\TOSCope. As 
cveiyonc knows, a gyroscope tipped 
from the vertical does not fall down; 
instead its upper end circles slowly (pro¬ 
cesses) around the vertical. That is to 
say, the downward gravitational pull of 
the earth acts to swing the axis of the 
spinning gvroscope around rather than 
to tip it further. Similarly, if we apply 
magnetic force to a spinning proton it 
will make the proton precess, not tip 
over. Brute force, in the form of stepping 
up the strength of the magnetic field, 
will avail us nothing: it will merely cause 
the proton to process faster. 

But there is a way to outwit the spin- 
iiif^g particles. Suppose wc apply n sec¬ 
ond magnetic field at right angles to the 
main fiekl. Theor\’ savs that if we make- 

^ 4 

the second fichl rotate around the first 
(by means of an alternating electric cur¬ 
rent in a coil), and if wo time the rota¬ 
tion so that it coincides exactly with the 
rate of the proton's preces.sioii, wc 
should be able to tip the proton over. In 
short, with proper tuning (at radio fre¬ 
quencies) the feat may be achieved by 
a magnetic-resonance effect. 


A New Spectroscopy 

Tlie problem, then, was to find the 
resonance fre<juencv and to detect the 
effect on the protons. Purcell and Bloch 
employed different methods to l<K)k for 
the effect. In Purcell’s apparatus the 
sam[>le of matter was place<l l)etweeii 





GYROSCOPIC ACTION of o spinniiii; top or particle causes it to revolve or preccas around 
a vertical field tending lo lip it over. Particle can be lipped, as shown in the diagram at the 
liottom, by applying in addition a rotating horitonlal magnetic field (right), which revolves 
at exartl> the ^nme rale as the axis of the precessing particle in the vertical magnetic field. 
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NUCLEAR'RESONANCE DEVICES Je^iKnecI hy Elward Fureell and Felix Blurh arc 
diagrammed Arhemalically. In PurcellV arrangement (top) a single coil passea radio >%avea 
from otriMaior into sample bnr) and feeds Into rereiver» Retonanre ia indicated by a 

dip in received energy. In B]och*i apparatus f&oiront) a separate coil picks up energy 
from lipping particles. Resonance shows up as an increase in energy reaching the receiver. 


the two poles of a magnet and surround¬ 
ed with a coil which produced the sec¬ 
ond, rotating field {see upper diagram at 
left]. When the frequency was just right, 
energy passing along the coil was ab¬ 
sorbed by protons in the sample of mat¬ 
ter as they flipped over; this absorp¬ 
tion of energy was recorded by a sudden 
dip in the strength of the signal reach¬ 
ing a radio receiver. Bloch's group, on 
the other hand, devised an instrument 
which recorded the event by induction 
of a voltage. As the protons flipped over, 
the motion of their magnetic fields in¬ 
duced a voltage in a second coil, and this 
signal was registered on an oscilloscope 
[see lower diagram at left], 

Tlie electron, like the proton, is a 
charged particle; it, too, spins and has 
a magnetic field—far stronger than the 
protons, because it spins much foster. 
The electron also exhibits magnetic res¬ 
onance. Since it is a stronger magnet and 
much lighter than the proton, it pro¬ 
cesses much more rapidly in a given 
magnetic field. Wliereas the proton is 
probed with radio waves in the range of 
a few megacycles per second (near the 
freijuencies of ordinarj’ home radio), for 
electrons the fretjuencies employed are 
in the microwave range, around 10,000 
megacycles per second. 

The magnetic resonance of protons 
and electrons makes it possible to learn 
many things about atomic nuclei, atoms 
and molecules. The magnetic probe 
amounts, in effect, to a new kind of spec¬ 
troscopy. This brings us to the varied 
uses of the discovery in chemistry and 

¥ 4 

biology. 

The Structure of Molecules 

Let us look, for example, at an or¬ 
ganic compound such as cyclohexane 
, We shall examine its resonance 
spc<.‘trum hy means of nuclear magnetic 
resonance (NMR), We measure the sub¬ 
stance's resonance in tenns of the pre¬ 
cession speed at which the nuclei flip 
over. That is, instead of tuning in to the 
resonance by vary'ing the frecpiency of 
the rotating magnetic field, we use a 
fixed frecpiency and varv the strengtlt of 
the main magnetic field, which controls 
the precession speed; when the nuclei 
Hip, the resonance reading is taken as 
the strength of the magnetic field at that 
point (measured in gauss or oersteds). 

When we subject a sample of cvclo- 
hexane at room temperature to the prop¬ 
er magnetic field, wc get a sharp reso¬ 
nance reading. The compound's hydro¬ 
gen nuclei flip simultaneously at a certain 
field strength (the carbon atoms are not 
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SOUOS UQUIDS 

NUCLEAR-RESONANCE CURVES are broad for roli<K narrow for liquids. The difference 
ifl anuaily greater than inilicaled here: the ratio of widths may be oi great as 100,000 to L 


alFccted). Now the iliarpness of this re* 
sponsc has to be explained. In any collec¬ 
tion of atoms we must reckon not only 
with the applied magnetic field but also 
with the little nuclear magnets of the 
atoms themselves. Each nucleus is sub¬ 
ject to the magnets of its neighbors as 
well as to the applied field. The total 
magnetic field acting on a nucleus must 
var>' from place to place in the material, 
because of the var>'ing orientation of the 
nuclear magnets that happen to sur¬ 
round it. As a result of these variations, 
the responses to tlie external field should 
varv': it should take a slightly stronger 
applied field to flip some nuclei than 
others. This means that the resonance 
range for the whole group of nuclei 
should be a broad band rather than a 
sharp line. However, in a Ikpiid the local 
variations arc so short-lived, because of 
the rapid random motions and mixing of 
the molecules, that in effect all the nuclei 
are subject to about the same average 
field. Thus cvciohexanc. a lujuid at room 
temperature, gives a sharp magnetic- 
resonance line. 

The situation is different in a solid. 
Because the molecules occupy fixed 
positions, there arc persisting local dif¬ 
ferences in the magnetic field, and ac¬ 
cord inglv solids tend to have a broad 
resonance. The resonance band mav be 
as wide as 20 gauss, as against a sharp 
line as narrow as one lO.OOOtli of a gauss 
for some Ikjuids. But here cyclohexane 
offers an unusual and illuminating case. 
When it is frozen to the solid state, it 
still has a sharp resonance down to a 
temperature of 90 degrees centigrade 
below its freezing j>oint. This tells us 
that the molecules in the solkl must be 
in .some kind of motion, Evidentlv thev 
rotate around their positions in the erss- 
lal lattice, so that the magnetic field 
averages out to uniformity. 

More defailerl stiidv of vuricnis sub¬ 


stances. solid and lic|uid, lends to still 

more interesting developments. In 1947, 

while working as a graduate student 

with Purcell at Harvard, I found that 

the resonance of the hydrogen nuclei in 

gypsum was split into four distinct lines 

[sec chart hchw]. Clearly these must 

reflect certain definite variations of the 

magnetic field within the g>'psum 

cnstal. Bv a theoretical analvsis it was 
• • • 

possible to translate the information into 
a picture of how the hydrogen atoms lie 
in the crs'stal structure. Here, then, was 
a new too! for analyzing the stnicture of 
crvstals-a supplement to probing them 
with X-rays and neutrons, ll is particu¬ 
larly useful for locating light atoms such 


as hvdrogcn and lithium, which deflect 
X-ravs onlv weakly. Nuclear magnetic 
resonance has now been applied to the 
study of cr)'stals by scientists in many 
parts of the world. 

From crystals it was a logical step to 
go on to study the structure of giant 
molecules, such as rubber, polyethylene 
and other plastics. One of the problems 
in analyzing such molecules is to find 
out how much of their structure is order¬ 
ly, or crv'Stalline (see “Giant Molecules, 
a spcxial issue of Scientific American 
Oliprint 314). C. W. Wilson, III, 
onr ol my graduate students at Wash¬ 
ington University in Saint Louis, was 
able to show that nuclear magnetic rcso- 




GYINUM t nV^TM. conLiin' inolrrulr> of vraler, iiulicatcd in 
4lr;iHhi(c M If'fl M'O'll. From tiu- diape of the rturlcar miisnetic 


resonance <NMR) sperirum of feyp^um (ri/rfil) the positions of lUe 
water molerule^ in the ►truflurc of the crystal ran he ralcuUlcil. 
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ETHYL ALCOHOL^ whoie chemical formula appears at top, bos a three-peake^l NMR 
spectrum ictnSer) when cumined with a uniform magenctic field. Letters match hydrogen 
atoms in various sections of the molecule with their corresponding resonance curves. With 
a still more uniform field the central pari of each curve splits further, as shown at liottom. 


nance could be used to examine the 
structure of these huge molecules. 

Fingerprints of Molecules 

It is in liquids rather than solids, how* 
ever, that the technique of nuclear mag¬ 
netic resonance has achieved its most 
important triumphs of structural analy¬ 
sis. As we have seen, liquids show shaq) 
resonances, because the magnetic field 
through the material is almost complete¬ 
ly uniform. But a few irregularities 
can be detected when a liquid compound 
is examined under a very uniform ap¬ 
plied field. Under these circumstances it 
becomes possible to read the resonance 
spectrum as a ‘‘fingerprint** of the struc¬ 
ture of the molecule. 

For example, James Arnold and Mar¬ 
tin Packard at Stanford University', 
working with an extremely uniform ap¬ 
plied field, were able to resolve the reso¬ 
nance of the hydrogen nuclei in the ethyl 
alcohol molecule (CH^CHnOH) into 
three separate resonances [see upper 
chart at left]. These singled out the 
three different groups that make up the 
molecule: CH^, CH 2 and OH. The ex¬ 
planation is that the hydrogen nuclei in 
the three groups respond differently to 
the applied magnetic field because of a 
shielding effect of the atoms’ electrons. 
The electrons themselves show no mag¬ 
netism, for in a molecular combination 
electrons usually arc paired off so that 
each cancels its partners magnetic field. 
But an applied magnetic field slightly 
alters the motions of electrons around 
their atomic nuclei; the induced motions 
of the electrons in turn produce weak 
magnetic fields opposed to the applied 
field; this “diamagnetism” partly shields 
the nuclei from the external field. The 
amount of shielding differs in the differ¬ 
ent groups of a molecule, and this e.\- 
plains why the hydrogen atoms in the 
three groups composing ethyl alcohol 
have different resonances. 

With higher resolution (i.e., under a 
still more imifonnlv controlled magnetic 
field) the magnetic spectnim of the ethvl 
alcohol molecule splits up into an amaz¬ 
ing array of separate resonances [sec 
loiccr chart at left]. The spectrum is a 
fingerprint of the molecule which not 
only identifies it but also tells much 
about its structure. Indeed, from such 
a fingerprint a chemist can sometimes 
predict the l>chavior of a molecule. 

Chemists in all branches of tlieir dis¬ 
cipline are now busily employing nuclear 
magnetic resonanct* to unlock the secrets 
of stnictvireof many kinds of substancCsS, 
from soap and motor oil to the extremely 
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complicated molecules of living matter. 
One of the virtues of this new analytical 
tool is that it does not destroy the chem* 
ical under analysis. The chemist simply 
puts the sample in a coil, turns on the 
radio waves and the magnetic field, rc^ 
cords the resonance spectrum and then 
takes out the sample intact. 


Measuring the Earth’s Field 

As a final illustration of the versatility 
of NMR let us look at a very different 
use-namcly, exploring the earths mag¬ 
netic field. If very sharp precision in the 
strength of the applied field is needed 
to hit the resonance of a liquid, why not 
reverse the procedure and use resonance 
for precise measurement of magnetic 
fields? The difficulty about the earth s 
field is that it is extremely weak—only 
about half a gauss. To measure this by 
the resonance phenomenon, which pre¬ 
viously had been studied in the labora- 
lory with fields of thousands of gauss, 
posed quite a challenge. But Russell Va- 
rian and Packard, now with the Varian 
Associates, have solved the problem with 
an ingenious device. 

Their instalment first lines up the pro¬ 
tons in a sample of liquid with a moder¬ 
ately weak magnetic field. The protons 
are all oriented in one direction so that 
the whole sample, in effect, is a weak 
magnet- Then the polarizing field is sud¬ 
denly switched off; the magnetic nig is 
pulled out from under the group of pro¬ 
tons. so to speak. The nuclear magnets, 
which have been lined up in a direction 
not parallel to the earth s field, now be¬ 
gin to process around the axis of this 
field. Their alignment rapidly breaks 
down, but in liquid benzene it lasts up 
to 20 seconds. This is long enough to 
measure the strength of the earth s mag¬ 
netic field to an accuracy approaching 
one part in 10 million. The measurement 
js made simply by tuning in to the pre¬ 
cession rale of the group of protons: 
since the earth’s field produces the pre¬ 
cession. the rate is a measure of the 
strenglli of the field. 

Varian and Packard named their in¬ 
strument the proton pretessional mag¬ 
netometer. Obviously this amazingly 
sensitive device could serve to measure 
variations in the earth’s magnetic field. 
It has uircads been put In use in [irns- 
pectmg for mineral deposits, from (he 
air and on the grouiul [sec photog^raph 
at rifiht]. The instrument has also been 
shot in rockets to me.isure tlie strength 
of the earth’s field at various heights 
above the surface. A magnetometer ol 
this type is scheduled to go up m 



MACNETOMETTER based on nuclear tnagnciit-rcsonance principle meaturcs small varia- 
lion^ in the earih's ficM. Here it is towed by a bclicopter in a mineral-prospecting survey* 
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ELECTRON^RESONANCE APPARATUS operates on the same principle as Purcell's cir¬ 
cuit seen on page 273. A microwave oscillator sends three-centimeter radio waves through 
the waveguide. The sample {gray rectangle) is mounted on the inside of the guide. Reso¬ 
nance is indicated by a decrease in the power delivered by the waveguide to the receiver. 




IlYPERFINE STRUCTURE Ijaiged splitting) of an eIeciron*paramagnetic-resonance 
(EPR) ipecirum indjrates various positions of the unpaired electron in a lree>radical mole¬ 
cule. This curve comes from naphthalene radicals. Cray dots In the structural outline of the 
radical at bottom indicate that the free electron zanders over many parts of the molecule. 


one of the U. S. artificial satellites soon. 
Surely Purcell and Bloch could hardly 
have foreseen that their exploration of 
the magnetism of the proton would lead 
to such developments. 

The Resonance of the Electron 

Let us turn now to the magnetism of 
the electron. The magnetic resonance of 
this particle was discovered by a Soviet 
physicist. E. K. Zavoisky. in 1944. before 
Purcell and Bloch tuned in on the pro¬ 
ton. But curiously enough the Russians 
apparently were not as quick to exploit 
the discovery as physicists in the U. S., 
Great Britain and the Netherlands. At 
all events, the electron's resonance, 
called electron paramagnetic resonance 
(EPR), has now been forged into a tool 
as important in its area of usefulness as 
nuclear magnetic resonance. 

As we have seen, the electron, because 
of its smaller mass and faster spin, is a 
much stronger magnet than a pro¬ 
ton. As a result, a given magnetic field 
makes it precess far more rapidly. Its 
precession rate in the standard labora¬ 
tory' magnetic field is in the range of the 
frcijuency of radio microwaves—that is, 
about 10,000 megacycles per second, or 
a wavelength of about three centimeters. 

When microwaves travel down a rec¬ 
tangular waveguide (the tube used to 
conduct such waves), they produce a 
rotating magnetic field at any fixed point. 
This field can serx'e to flip over the elec¬ 
tron magnets in matter, just as a rotating 
field in a coil Hips protons. The experi¬ 
menter may place the sample of material 
on a side wall of the waveguide, tuni on 
the radio waves and apply an external 
magnetic field to make the electrons pro¬ 
cess. When the precession rate reaches 
the resonance value and the electrons 
flip, they extract energy from the radio 
waves, and the reading on a receiver at 
the end of the tube dips accordingly. 

Now this techni([iic obviously can tell 
us nothing about substances in which 
the electrons are all paired, i.e,. where 
the electrons' magnetism is neutralized. 
But it has proved very helpful indeed in 
studying material with unpaired elec¬ 
trons. Electron resonance was first ap¬ 
plied to investigate crystals containing 
elements with unfilled electron shells 
(therefore unpaired electrons) 
menls such as manganese and iron. 
Much has been le«irned al>out substances 
of this kind, particularly about those 
used foi "magnetic" cooling of matter to 
very low temperatxires. 

But more exciting has been the dis¬ 
covery that electron resonance can be 
used to investigate free radicals, the 
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transitory molecular fragments that play 
a crucial role in many chemical process¬ 
es, including the chemical activities of 
living cells [see “Free Radicals/* by Paul 
D. Bartlett; Sciektific American, De¬ 
cember, 1953). Free radicals, of course, 
have unpaired electrons, and Nvith the 
electron-resonance technique it is some¬ 
times possible to detect these fleeting 
substances and to leam something about 
their structure and behavior. 

At first thought one might suppose 
that the resonance spectrum of the un¬ 
paired electron in a free radical should 
always be the same—one free radical in¬ 
distinguishable from another. But this is 
not the case. The electron is affected by 
the magnetic field of the nuclei in 
whose neighborhood it happens to be. 
and as the free electron wanders about 
in the molecular fragment, it is subjected 
to varying magnetic fields. As a result 
its resonance may be split into a “hyper- 
fine structure'* [see chart on page 277]. 
From the splitting we may leam where 
the electron spends its time and at what 
rate the free radical is likely to enter 
into chemical reactions. 

Such studies arc not limited to natural 
free radicals. With high-energy particles 
from an accelerator it is possible to break 
a molecule into fragments, and the frag¬ 
ments can sometimes be frozen in their 
tracks, so to speak, by keeping the sam¬ 
ple at a very low temperature. We can 
(hen see what has happened to the mole¬ 
cule by examining the electron reso¬ 
nances of the fragments. This kind of 
investigation could be useful for study¬ 
ing the chemical effects of radiation on 
certain plastics; irradiation is known to 
.strengthen some plastics by causing 
them to form now chemical bonds. Mag¬ 
netic resonance also looks promising as 
a tool tor investigating the free radicals 
that catalyze the synthesis of high poly¬ 
mers such as rubber or polyethylene [see 
“How Giant Molecules Are Made,** bv 
Giulio Natta; Scientific American. 
September, 1957). 

Resonance in Living Cells 

To illustrate the interest of biologists 
in magnetic resonance, I shall close this 
acc'onnt with an episode tliat began in 
Saint Louis one evening in 1951. After 
attending a chamber music concert, a 
few members of the W.ishington Uni¬ 
versity faculty repaired to someone s 
home for coffee, and the conversation 
turne<l (probably to the wives chagrin) 
to sho[) talk. Barry Commoner of the 
bot.my dej)artmcnt fell to discussing the 
theory th.it free radicals play an impor¬ 
tant role in the processes of oxidation 


and reduction in living cells, and he re¬ 
marked how difficult it was to detect 
free radicals in living systems. I suggest¬ 
ed that electron resonance might be 
helpful, and offered to help Commoner 
and his group leam how to use the 
method. Thus began a most interesting 
series of experiments. 

The first results were disappointing. 
Since the experiments involved cultures 
of cells (yeast and other organisms), 
there was moisture in the microwave ap¬ 
paratus, and moisture absorbs micro- 
waves. This absorption of course masked 
the dip in radio energy produced by 
magnetic resonance. Even so, the experi¬ 
menters finally detected a weak reso¬ 
nance from yeast and found that its in- 

tensitv' varied with the rate at which 
¥ 

oxygen was consumed by the yeast cells. 
Then a resonance was discovered in 
green leaves ground up and quickly 
freeze-dried to eliminate the absorption 
by moisture. 

To study the active process of photo¬ 
synthesis in its necessary moist environ¬ 
ment, however, called for a much more 
sensitive apparatus. Jonathan Townsend 
of the physics department succeeded in 
devising one, and it became possible to 
work with living cells. The cells selected 
contained chloroplasts—the small, green, 
chlorophyll-packed bodies which are 
thought to carry out most if not all the 
steps of photosynthesis. 

The cells were placed in the sensitive 
magnetic resonance apparatus and were 
simultaneous!V irradiated with white 
light from a 50-candlc-power lamp. The 
chloroplasts immediately showed a dra¬ 
matic resonance spectrum [sec charts at 
When the light was lumcsl off, 
the resonance soon weakened or disap¬ 
peared entirely. Next the cells were ex¬ 
posed to light of various specific wave¬ 
lengths; it turned out that the resonance 
appeared at the very same range of 
wavelengths of light that produces pho¬ 
tosynthesis. 

¥ 

Commoner and Townsend have gone 
on to further experiments which not only 
have linked free-radical activity firmly 
to photosynthesis but have also indicated 
that free radicals are involved in the 
metabolism of cancer cells. And bio¬ 
logical investigators in many other labo¬ 
ratories have begun to adopt electronic 
resonance as a tool in their researches. 

That basic discoveries in science in¬ 
variably bear fniits which cannot be 
foretold is an old story to scientists. Even 
so it has been a great thrill to see what 
has grown out of the work of Purcell, 
Bloch and Ziivoisky, who were seeking 
only to get a better understanding of the 
magnetism of the particles in the atom. 



CHLOROPHYLL SAMPLE gives sharp EPR 
spectrum when irrodtoled with light. This 
proves (hat free radicols ore involved in 
photosynthesis. Numbers ai left Indicate 
minutes from (he start of the experiment. 
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THE LINEAR ACCELERATOR 


by Wolfgang Panofsky 


The early idea of accelerating particles in straight lines instead 
of circles has made a strong comeback. Linear machines generate 
electron or proton beams of respectable velocity and sharp focus. 


A quarter of a century ago physicists 
started a “race” toward more and 
more energetic machines for the 
acceleration of atomic particles. The 
evolution of particle accelerators has 
now reached a stage where specializa- 
tion of the machines for the specific pur* 
poses for which they are to be used has 
become as important as brute energy. 
The linear «accelcrator, which is the sub* 
ject of this article^ falls in the category 
of a specialized tool. 

The idea of linear acceleration actual* 
Iv is older than the cyclotron or the 
present more potent successors of the 


cyclotron. Indeed, the linear accelerator 
was once believed to be the most prom¬ 
ising candidate to win the energy race 
(see “The Bevatron,” by Lloyd Smith; 
Scientific American, February, 1951]. 
It is still the “favorite” to attain the 
highest energy in the acceleration of 
electrons, but at the present time it is 
not a leading contender for the maxi¬ 
mum acceleration of protons; in that 
field circular machines have taken the 
lead as a result of improvements in their 
design and certain practical difficulties 
of the linear accelerator. The main at¬ 
tractions of the linear machine now, 


however, are not its peak energy pos¬ 
sibilities but other qualities which we 
shall examine. 

The linear accelerator, as its name im¬ 
plies, accelerates particles in a straight 
line; this distinguishes it from all other 
present accelerators, which drive the 
particles around a circular track. Like 
the other machines, the linear one speeds 
up the particles by means of a series of 
boosting kicks, or, in another version, by 
means of a continuously accelerating 
electrical wave. 

The first of these two forms is known 
as the “drift-tube” accelerator. The 
particles travel through a long series of 
pipes, and at each gup between one pipe 
and the next they arc given n boost by a 
voltage applied in the right direction at 
precisely the right lime. The energy and 
tuning of the alternating voltage are 
provided by radio waves from powerful 
transmitters. 

The second form of the linear machine 
is called a “traveling-wave” accelerator. 
Here the long pipe is continuous. An 
electric field generates an electromag¬ 
netic wave in it, and the wave, controlled 
in speed to stay with the particle, carries 
it along to steadily higher velocities. The 
effect is analogous to a water wave car- 
lying a surfboard rider. 

'I’^hc idea of a linear accelerator was 
suggested as early as 1924 by 
Custaf Ising in Sweden. Ernest 0. 
Lawrence and David H. Sloan at the 
University of California were the first to 
build one. They used radio-frequency 
power. Because of the limitations of 
radio generators of that time they could 
not accelerate particles to very high 
velocities. 

The late W. W. Hansen of Stanford 
University became interested in such a 
machine and realized that success would 
depend on obtaining large amount.^ of 
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ENERGIES nitain.ible from ihc linear electron accelerator operating at 3,000 megocyclt 
are ploiled in iMlIioni^ of electron vo\i$. Length can be traded for power on equal term 




Panofsky THE LINEAR ACCELERATOR 281 



BERKFI.EY \CCFLf'H \T()H ihr intfrn.il ilrifi'tiihr prm»r|v in ih** proton pjth. Froion^ our uhoir r%<lr 

shoH n Hith thr rr^onolor <.uil> oprn. >up]>or1^ Jot air thr drift Iravrlins tlirouKh rach lubr Thr\ drv<lt»p rnrrc> up to Mr\ 



lion ualts *»{ powor (r«>in j kU^lron ftriirr iloj i lo* prr*« iit 
IrnRili JJH ir«*l fill M'tKil * Ih<’ l<l 1(1Ml till' piiliK* 


ST\NfOHI) ( PfFH\lO|( of ihr tra> .!> r l\pr 

crirr^ir» of OIMI Mr\. F.oli fr«'<| point r\er> fr^i <|o|i%rr« J(l riiil- 






282 PHYSICAL SCIENCES 234 



STATIC ACCELERATOR is siinpleu design. The particlei are generated by an elec¬ 
tron or ion tonrce. A high static voltage accelerates the particles down a discharge tnbe. 


SOURCE 



DRIFT-TUBE ACCELERATOR of an eaternally fed type accelerates particles down a series 
of tubes by alternating voltage so that successive tubes arc of right charge as particle passes. 
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CAVITY ACCELERATOR employs drift tubes, but radiodrequeney oscillators apply alter- 
nsiting vollsige aion(t cavity. Timing is such that particles meet accelerating field in each gap. 


radio-frequency power and on generat¬ 
ing high voltages at the minimum ex¬ 
pense of power. The latter is necessary 
because a linear accelerator must apply 
power at many different gaps instead of 
at only one, as in the cyclotron. Hansen 
therefore looked for a more efficient 
means of generating high radio-fre¬ 
quency voltages, and he hit upon the 
cavity resonator, which was translated 
into the klystron tube (see ‘The Kly- 
stron/‘ by Edward L. Ginzton; Scien¬ 
tific American, March]. 

Hansen had set out to find the means 
of realizing a practical linear machine for 
accelerating electrons; his work actual¬ 
ly led to the development of powerful 
radio*fre(jucncy generators and to micro- 
wave radar and radio. After the war 
these developments in turn led, by feed¬ 
back, to the realization of linear accelera¬ 
tors not only for electrons but also for 
protons and heavier particles. Luis W. 
Alvarez of the University of California 
and others reopened the possibilities of 
this type of machine. 

Some experiments in physical research 
are done best by a circular accelerator, 
others by a linear machine. In gauging 
the suitability of a machine for a given 
task, the nuclear physicist must consider 
a number of factors: the kind of particle 
to be accelerated, the maximum velocity 
to which the machine can accelerate 
them, how large a current (i.e., the num¬ 
ber of accelerated particles per second) 
it can deliver, how well it can foctis the 
beam on the target, how sharp an energ)' 
spectrum it can provide, and so on. And 
of course there is the factor of cost, not 
only the initial cost of building the ma¬ 
chine but also the costs of operating and 
maintaining it. 

Let us see how the linear accelerator 
compares with the circular types in these 
respects. If electrons are the particles to 
l)c accelerated, the linear accelerator can 
reach higher energies and deliver larger 
currents than any other machine. It can 
also train a beam on the target more 
easily. On the debit side of the ledger 
are the facts tfwit it.s energy spectrum is 
generally ]ess sharp and that its power 
reejuirements restrict its operating lime 
to shorter pulses and create engineering 
problems which have not yet In^en solved 
as satisfactorily as those of the circular 
machines. As a consequence a linear 
accelerator ;it present is less reliable and 
ix)sts more to maintain. When it comes 
to accelerating protons, the linear ac- 
<elerator in principle can reach any de¬ 
sired level of eiicrgy; however, the once- 
held idea that linear macliines in the 
liJgh-energy range would lx* less costlv 


to build has proved wrong, partly be¬ 
cause innovations such as the strong- 
focusing principle have reduced the cost 
of the circular types (see “A lOO-Billion 
Volt Accelerator,** by Ernest D. Courant; 
Scientific American, May, 1953). 

Nonetheless for certain uses the linear 
accelerator offers such marked advan- 
tagcs-particularly the ease with which 
it delivers a well-collimated beam of ac¬ 
curately regulated energy on the target 
-that it is sometimes the best choice. 
For example, the British Atomic Energy 
Research Establishment, after consider¬ 
ing whether to build a thrce-billion-elcc- 
tron-volt circular accelerator or a 600- 
million elcctron-volt linear accelerator 
for protons, recently decided in favor of 
the linear machine. 

^^he illustrations ac'companying this 
* article show some of the principles 
and components of the various tvpes of 
linear accelerators. In the first machine, 


as suggested by I sing and worked out by 
Sloan and Lawrence, an electric genera¬ 
tor discharged positively charged par¬ 
ticles into a series of drift tubes [see sec¬ 
ond drawing above]. As a positively 
charged particle leaves the source, tube 
1 is negative, tube 2 is positive, tube 3 
is negative, and so forth. By the time the 
particle roaches the end of tube 1, the 
voltage has reversed, so that tube 1 is 
positive and tube 2 negative. Thus the 
particle continues to be accelerated. This 
process continues through the length of 
the machine. The lengths of the tubes 
have to be tailored so that the particle 
spends exactly one half cycle in each 
drift-tube space. This essentially is the 
machine which, before the war, accele¬ 
rated mercur\' ions to two million elec- 
Iron volts (2 Mcv). 

The limiting factor on a structure of 
this kind is the power source. Particles of 
interest to nuclear physicists travel with 
a large fraction of the speed of light; 
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UNIFORM WAVE GUIDE is diairammed showing the generated electromognelie field 
wsih components parallel to the tnbe axis. In this tube the field travels faster than light. 




LOADED WAVE GUIDE, of corrugated type, works by placing load on the wave. This slows 
the wave to the speed of the particles, which, for electrons, approaches the speed of light. 


hence the voltage on the electrodes has 
to be alternated very rapidly. This re- 
<{uires a large current flow through the 
wires, which in turn results in large 
power losses. And the high-frequency 
power is expensive to generate. 

Hansen's cavity resonator reduced the 
power losses by distributing the currents 
over the large conducting surfaces of the 
cavity instead of concentrating them in 
wires where much of the energy was lost 
as heat. The lower drawing of the three 
on page 282, illustrating the operation 
of the proton linear accelerator at Berke¬ 
ley, shows how a cavity-controlled sys¬ 
tem works. Power is fed to the cavity 
from banks of high-powered radio trans¬ 
mitters. The cavity transforms this radio 
energy into an nltcrnating electric field 
which makes currents rush back and 
forth across the gaps between the ends 
of the drift tubes in the scries. At any 
instant the direction of the accelerating 
force is the same in all the gaps. If the 
slnicture is designed so that a group of 
particles takes the time of one full cycle 
of the alternating voltage to travel 
through each drift lube, then tlie parti¬ 
cles will always find themselves in an 
accelerating field when they cross a gap. 

Although a structure of this design is 
much more efficient than the first one, it 
still rc<{uircs very high power In order 
to hold down the average power con¬ 
sumption to a reasonable level, the 
power must be applied in very short 
pulses. The 32-Mev proton linear ac¬ 
celerator at Berkeley requires 2.2 mil¬ 
lion watts of radio-frequency power 


(near the ultrahigh-frequency television 
band). It is powered by eight individual 
transmitters. This machine has been in 
continuous operation for several years 
and has been a very valuable tool in 
physics. A 70-Mev machine of similar 
design is nearly completed at the Uni¬ 
versity of Minnesota, and similar prin¬ 
ciples will be used in the 600-Mev ma¬ 
chine at Harwell, England. 

traveling-wave type of linear oc- 
cclcrator is particularly applicable to 
electrons. The wave travels in a cylin¬ 
drical pipe with conducting walls, 
known as a waveguide. Of the various 
kinds of traveling waves used, a particu¬ 
larly interesting type is the so-callcd TM 
wave, in which the electric field always 
has a component parallel to the axis of 
the cylinder [see upper drawing above]. 
Imagine now that this whole field struc¬ 
ture travels along the axis. If any par¬ 
ticles happened to be moving with the 
same speed, they would be accelerated. 
For theoretical reasons which we need 
not go into here, electromagnetic %vaves 
cannot be slowed down to the maximum 
speed at which particles can travel in a 
simple, unifonn pipe. To slow them 
down we must use some sort of interrup¬ 
tion; the most popular method is to intro¬ 
duce disks of conducting material at 
regular iiUcr\'als along the pipe, forming 
wliat is known as a "corrugated" wave¬ 
guide [lower drawing above]. The disk 
spacing, disk thickness, disk aperture 
and pipe radius all have to be chosen to 
give minimum power loss at the needed 


wave velocity. The structure has to be 
fabricated with high precision (some¬ 
times within a tolerance of .0002 of an 
inch), for the wave speed is very sensi¬ 
tive to small variations in the dimen¬ 
sions. The general dimensions of the tube 
also depend on the kind of particles to 
be accelerated; a proton machine must 
be much larger than one for electrons. 

The corrugated-guide linear accelera¬ 
tor has been advanced furthest at Stan¬ 
ford University. Two machines are 
operating: one, 10 feet in length, attains 
38 Mev; the other has reached 600 Mev 
and is expected to go higher. In the 
latter machine the accelerating tube it¬ 
self is dwarfed by its auxiliary equip¬ 
ment, its shielding and the facilities for 
performing experiments on target mate¬ 
rial [see photograph on page 26i]. 
This emphasizes the point that the eco¬ 
nomics of high-energ)' machine physics 
often depends only in small part on the 
design of the accelerating device. 

The 600-Mev machine pictxired is de¬ 
signed for a total power input of 400 
n^lion watts (roughly 20 million watts 
for each 10-foot section). Such power, at 
a frequency of 3,000 megacycles, is not 
available from commercial sources at 
this time. It is generated at Stanford by 
a set of klystron amplifiers driven from 
a common high-frequency source. 

The British have been notably suc¬ 
cessful in commercial development of 
this type of accelerator for uses that do 
not require such high power, They have 
built research machines yielding four 
Mev and 15 Mev, and several firms are 
producing machines of four Mev energy 
tor cancer therapy and radiography, 


ssentially there are two ways to go to 
^ high energy in a linear accelerator: 
build a bigger machine or put in more 
power. The choice beriveen these is fun¬ 
damentally an economic question: 
whether the extra construction or the 
extra power will be more costly, It ap¬ 
pears in retrospect that the Stanford 
machine might have been slightly more 
economical if we had made the tube 
longer and needed less power, The de¬ 
signer of a linear accelerator has to esti¬ 
mate how much a megawatt of power is 
going to cost him and what the cost per 
foot of machine would be; an optimum 
for a given output energy can then be 
calculated. 

This article has given only a general 
outline of technical features of linear 
accelerators and has not attempted to 
discuss their applications in detail. It is 
clear, however, that these machines 
should be valuable tools in the struggle 
to understand high-energy phenomena. 
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MODELS OF THE NUCLEUS 


by R- E. Peierls 


How do physicists presently visualize it? Curiously, different 
approaches to the nucleus suggest different pictures, notably 
the liquid-drop model, the shell model and the optical model. 


E ver since 1930, when the discovery 
of the neutron made it plain that 
the nuclei of atoms were built of 
protons and neutrons, physicists have 
been trying to form a picture of the 
structure of the nucleus. The same task 
for the rest of the atom was completed 
in the first quarter of this century. We 
were able to understand in detail how 
the electrons move under the attraction 
of the nucleus, and how their motion is 
influenced by their mutual repulsion. 

To achieve such an understanding re¬ 
quires three major steps: First, we must 
know the forces between the particles. 
Second, we need to know the mechanical 
laws which govern their motion under 
the influence of these forces. Third, we 
need in most cases a simplified picture, 
or model, from which to start. Once we 
have the first two ingredients, we could 
in principle write down a set of mathe- 
matical equations whose solutions would 
tell us all about the atom, or about the 
nucleus. In the simplest possible atoms, 
like that of hydrogen, in which there is 
only one electron, or in the simplest com¬ 
pound nuclei, like the deuteron, which 
contains only one proton and one neu¬ 
tron, such equations can be written 
down and solved without difficulty. 
However, for more complicated struc¬ 
tures this head-on attack becomes much 
harder and soon exceeds the capacity 
even of modern electronic computers. 

We arc like men who encounter for 
the first time a complicated machine, and 
who try to analyze its operation. If we 
attempt, without any guidance, to puz¬ 
zle out the interplay of ail the parts of the 
machine, we should soon lose ourselves 
in a maze. Instead, wc first try to ascer¬ 
tain the major features of the machine’s 
operation. We then devise a model 
which resembles the real thing in these 
features, yet is simple enough to be 
analyzed. Then, of course, wc must put 


in corrections for the complications 
which we have left out and check that 
they do not materially alter the picture. 

In the study of the atom the first of 
the three steps hardly presented a prob¬ 
lem. As soon as Ernest Rutherford had 
demonstrated that the atom consisted oi 
a heavy, positively charged nucleus and 
of light, negatively charged electrons, it 
was taken for granted that the forces 
between them were the electric attrac¬ 
tion of unlike charges, following the in- 
verse-square law familiar to every' stu¬ 
dent of physics. The major difficulty was 
the second step. It turned out that the 
basic mechanical principles of Isaac 
Newton, which applied to all ‘‘large*' ob¬ 
jects from the planets and the moon 
down to steam engines and watches, had 
to be revised in the atomic domain. To 
understand atoms we had to use the new 
ideas of the quantum theory, following 
the pioneer work of Niels Bohr, who 
adapted for this purpose the concept of 
the c]uantum of action which Max Planck 
had first found in the behavior of light. 
These new laws of mechanics were later 
formulated as the laws of "quantum 
mechanics,” or "wave mechanics," which 
gave us complete command over the 
theory of the atom. 

The third slop, of finding a simplified 
model for discussing the atom, also 
proved relatively easy. In working out 
the possible orbits of a single electron 
under the attraction of a proton, as in 
the hydrogen atom, Bohr found that one 
could account for the behavior of a more 
complex atom by assuming tliat each of 
its electrons moved in such an orbit. The 
larger the number of electrons in an 
atom, however, the more distinct orbits 
they occupy; this is a consccjuencc of the 
"exclusion principle" discovered by 
Wolfgang Pauli, which limits the num¬ 
ber of electrons that can travel in a 
given orbit. 


We must allow not only for the attrac- 

• 

tion of the electrons by the nucleus, but 
also for the repulsion of the electrons by 
one another. However, we simplify the 
nature of this repulsion by forgetting 
that it changes continuously as the elec¬ 
trons move around in their orbits, and 
treating it as a fixed field of force. In 
other words, wc replace the repulsion 
due to a moving electron by that which 
we would obtain if the electron were 
spread out evenly over its orbit. This 
simplification can be justified by the fact 
that the repulsion acts over relatively 
long distances, so that each electron is 
at any time under the influence of several 
others. If we underestimate the effect of 
one of the electrons which may happen 
to be rather close to the one we are look¬ 
ing at, wc are likely to overestimate the 
effect of another which happens to be 
rather far awav. 

This mode) of the atom is usually 
called the "shell model." because it is 
convenient to group together the elec¬ 
trons moving in orbits of similar size but 
of different shape and direction. Such a 
group of orbits is called a shell. 

When the atomic nucleus first became 
an object of serious study, the nature ol 
the difficultie.s wa.s rather different. The 
general laws of dynamics did not seem 
to require further revision; the laws of 
(juantum mechanics which had been dis¬ 
covered in atomic physics seemed <juite 
adc(|uatc for the nuclear domain. In¬ 
deed, we have not yet found any evi¬ 
dence in the behavior of nuclei which 
would suggest that these laws might be 
in error. Thus the second step in our list 
presented no problem. 

The Nuclear Forces 

On the other hand the first step—the 
determination of the forces between the 
particles—proved to be u very difficult 
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problem. Even today, after some 25 passage of charged particles through guesses based on a few experiments have 

years of Intense study, we cannot claim matter showed that, even in encounters been disproved by later exper^ents. 

to have a complete answer, but we have in which a charged particle approaches We are obliged to reconstruct the \zw 

by now at least a fair knowledge of what a nucleus to a distance of a few times of nuclear forces la^iiously from the 

the forces are like. ihe nuclear diameter, the only noticeable various pieces of evidence we can ex- 

They cannot be electric in origin. The force is the electric one. We know to- tract fwm the experiments, 

only electric charges found in the nu- day that nuclear forces between two par- Ultimately we hope to be able to de- 

cleus are the positive charges of the pro- tides are quite negligible if the distance nve the law of the forces from more 

tons, and like charges repel each other; between the particles is more than, say, basic principles, just as we can derive 

thus electric forces cannot be responsible four fermis. (The fermi. named for the the inverse-square law of electric forces 

for holding a nucleus together. More- late Enrico Fermi, is a convenient unit from the basic laws of electromagne- 

over, electric forces are much too weak, of distance for the nucleus. The di- tism. A beginning was made by the 

We know that the energy of attraction ameter of a heavy nucleus is some 15 Japanese physicist Hideld Yukawa, who 

of two unlike charges (<.e., the work we fermis; the diameter of the hydrogen used the analogy with electromagnetic 
have to do to pull them apart) varies atom, about 100,000 fermis.) It is not radiation to point out that nuclear fon^ 

inversely as their distance. The attrac- surprising, therefore, that earlier physi- must be related to a new form of radia¬ 
tive energy of an electron and a proton cists did not meet nuclear forces in labo- bon which could cany charged parbdes 

in the hydrogen atom is a few electron ratory experiments. The only possible weighing a few hundred tiines more than 

volts (ev), and since the diameter of the way of studying these forces is to ob- the electron. His prediction was con- 

hydrogen atom is 20,000 times larger serve the behavior of nuclei, or to bom- firmed by the discovery of the so-caUed 

than that of the smallest nucleus we bard hydrogen or other nuclei with fast pi meson. His picture of the medianism 

should expect electric energies in the protons or neutrons under circumstances underlying the nuclear forces has been 

nucleus to amount to some tens of thou- in which the effect of really close en- qualitatively confirmed by many obser- 

sands of electron volts. Actually the counters can show up. vations, and has been a useful guide in 

forces inside a nucleus run to many mil- What makes this task harder is that our thinking about the forces. But it has 
lion electron volts (mev). It follows that the nature of nuclear forces, unlike the not yet been possible to use his idea for 

nuclear forces are vastly stronger than simple inverse-square law of electric or a reliable and accurate derivation of the 

electric forces. gravitational forces, is rather compli- law of the forces because of the mathe- 

It is also clear that these strong forces cated. If the law of nuclear forces were matical problems which stand in the 

act only over extremely short distances, simple, a few observations might suffice way. We do not know today whether a 

The pioneer work of Rutherford on the to guess its general form. But all simple correct solution of the equations em- 



CHARGE EXCHANGE in the nudeu* it tchemeUcally depicted. in hall the catet (le/l) the neotron continoet forward. In the other 
When protons (black bolls) arc struck by tail neutrons fblue balls) HaH tbo proton oxchangei it6 ehar^o with e neutron. 



SPIN*ORBIT FORCE arifies from a relalionaLi|/ between spin and 
orbit. When two particles (/e/l) spin in the same direction as that 


in which they move on an orbits the force between them 16 strong. 
When they spin in oppoeite direcliont (riffu)* force ii week. 
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bodying Yukawa’s idea would yield the 
right forces, or whether there is some> 
thing basically wrong with this ap¬ 
proach. The difficulties arise chiefly from 
the greater strength of the nuclear 
forces, as compart to electric forces, 
which makes their mathematica! analysis 
much more difficult. 

Thus the best source of information 
about the forces still lies in direct ex¬ 
periments. These require collisions at 
high energies—much higher than the 
energies of particles inside ordinary nu¬ 
clei. The reason for this is the wave as¬ 
pect of particles, which is an essential 
feature of quantum mechanics. Slow 
particles are associated >vith waves of 
long wavelength, and collisions involv¬ 
ing such slow particles do not provide 
much information about the finer fea¬ 
tures of the forces at work between them, 
just as in looking through a microscope 
at a dust particle with a diameter less 
than a wavelength of light we see only 
a general blur which does not reveal the 
shape or nature of the particle. To have 
particles of sufficiently short wavelength 
one must raise their energy to a few 
hundred mev. The most reliable infor¬ 
mation on nuclear forces has therefore 
become available only in the last few 
years, as a consequence of the develop¬ 
ment of accelerating machines which 
produce clean beams of protons, neu¬ 
trons, or electrons with such energies. 
This need for high-energy beams is en¬ 
tirely similar to the situation in atomic 
physics, where detailed pictures of the 
structure of atoms require the use of X- 
ray or electron beams of several thou¬ 
sand ev—much greater than the energies 
of the electrons inside the atoms, whose 
wavelength is comparable to the atomic 
diameter. The complexity of the results 
has also made it necessary to call on the 
services of fast electronic computers for 
disentangling the observations. 

1 shall not attempt in this article to 
give anything like a complete specifica¬ 
tion of the nuclear forces, but shall stress 
only those features which are of impor¬ 
tance for what follows. We have already 
noted that the forces must be strong and 
of short range. Since they hold the dif¬ 
ferent particles together, they must on 
balance be attractive. At the same time 



they cannot be entirely attractive, since 
otherwise heavy nuclei would "collapse." 
By collapse we mean a state of affairs in 
which all the particles in a nucleus are 
so close together that each one is within 
the range of the attractive force of every 
other. In that case the attractive energy 
acting on each particle would grow with 
the total number of particles present, 
and the volume occupied by the whole 
nucleus would be the same no matter 
how many particles were in it. This is 
not found in reality. The energy per par¬ 
ticle is roughly the same for all nuclei, 
light or heavy, and the volume of nuclei 
increases with the number of particles in 
them. 

The Exchange Forces 

This behavior, which indicates a lim¬ 
ited attraction, is usually called "satura¬ 
tion" of the nuclear forces. There arc 
two particularly plausible ideas to ac¬ 
count for this saturation. One was sug¬ 
gested by the German physicist Werner 
Heisenberg, who was one of the founders 
of quantum mechanics. He postulated 
that at least part of the nuclear forces 
between a neutron and a proton involves 
an exchange of their position, so that 
after an encounter between them the 
neutron would tend to follow what had 
been the path of the proton, and vice 
versa. The exchange occurs readily only 
if the two move in very similar orbits, 
and, since the Pauli exclusion principle 
allows only a limited number of particles 
to follow the same orbit, such exchange 
forces would expose each particle to a 
strong attraction only from a few others. 
The bombardment of protons with fast 
neutrons confirmed this idea, because it 
showed that in most cases either the 
neutron or the proton tended to go for¬ 
ward with almost the same speed and 
direction with which the neutron had 
arrived. Since it is hard to deflect such 
fast particles from their path, this indi¬ 
cates that the incident neutron had con¬ 
tinued almost in a straight line, but that 
in half the collisions it had changed its 
nature and become a proton, leaving a 
neutron behind. 

However, the experiment also showed 
that only one half of the force was of 


the exchange type; the other half (cor¬ 
responding to the neutrons still moving 
forward after collision) was an "ordi¬ 
nary'’ force. This is not enough to yield 
the required saturation, and some other 
factor must be involved. The second fac¬ 
tor tending toward saturation is almost 
certainly a reversal of the direction of 
the nuclear forces at short distances, so 
that, as two particles approach each 
other, the attraction changes to repul¬ 
sion. This concept of "repulsive cores" 
in the forces is familiar in the behavior 
of atoms. When atoms form chemical 
compounds, or liquid or solid substances, 
they are held together by attractive 
forces; but each atom has a fairly defi¬ 
nite size, and when two atoms come into 
actual contact, their attraction changes 
into repulsion. We may liken this he- 
havior to that of two rubber balls tied 
together with a rubber band. There is an 
attraction betNvecn the balls, but there 
is also a contact force which prevents 
the centers of the balls from approacli- 
ing each other closer than one diameter. 
Shortly after the theoretical need for 
such a repulsive core in the nuclear 
forces had become clear, experiments on 
collisions beriveen fast particles indeed 
showed direct evidence for these repul¬ 
sive forces. 

Among other features of the nucleus 
I should mention the "spin-orbit" force, 
that is, the dcpendenct* of the mutual 

interaction of hvo particles upon the 
direction of their orbit with respect to 
their spin. When the two particles spin 
on their axes in the same direction as that 
in which they revolve about each other, 
the attraction between them is stronger; 
when they spin in the opposite direction 
from that in which they revolve, the at- 
traction is weaker. There is some evi¬ 
dence for such a spin-orbit force in ex¬ 
periments on nuclear collisions, but there 
is still some room for controversy in the 
interpretation of these experiments. 

Our present knowledge of the nuclear 
forces, while still incomplete, is suffi¬ 
cient to discuss the behavior of nuclei 
and the collisions between them. At this 
point wc meet the need for the third 
step in our general program, namely a 
simple model in terms of which we may 
approach the dynamical problem of tlu 



NUCLEAR FORCES are depeadent on ihe distance between parti- 
del. If the particles are very clo»c, they repel each other {left). 


n they are a certain diHtonce apart, they altryct each other ^ renicr >. 
If they are farther oparUthey hove little effect on each other (ri|th/1. 
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motion of the 16 particles in the oxygen 
nucleus, or the 208 particles in the most 
stable lead nucleus. 

Models of the Nucleus 

The selection of a suitable model is 
not at all straightforward. Not that there 
is a shortage of suggestions. In fact the 
trouble in the recent past has been a sur* 
feit of different models, each of them 
successful in explaining the behavior of 
nuclei in some situations, and each in 
apparent contradiction with other suc¬ 
cessful models or with our ideas about 
nuclear forces. In the past few years 
great progress has been made in bringing 
some order into this confusion and in 
understanding the justification for each 
of the models in the domain to which it 
is properly applied. I shall attempt to 
explain briefly some of the ideas behind 
these developments. 

The most obviom idea was to use the 
shell model, which had been so success¬ 
ful in dealing with the atom. In fact, the 
first attempts to set up such a shell model 
were made even before the discovery of 
the neutron, when it was believed that 
nuclei were made of protons and elec¬ 
trons. A shell model with the wrong con¬ 
stituents cannot have much success in 
accounting for the facts, but in those 
days rather few facts were known, so 
such models were able to survive for 
some time. 

After the discovery of the neutron, 
atlempt.s to formulate a nuclear shell- 
model were renewed. This involved the 
idea of orbits (or <|uantum states) for 
the protons and neutrons, in which each 
o( tiu‘m was pictured as moving indc- 
pendentiy under the influence of some 
force wliieli represented the average ef¬ 
fect of the others, as in the case of the 
electrons in the atom. It did not seem 
possil)le, however, to choose groups of 
orbits of iUv right kind, so that the num¬ 
ber of similar orbits which formed u shell 
could accommodate just the right num¬ 
ber of neutrons and protons to aewunt 
for the excx*ptional stability of nuclei 
with certain numbers (“magic nun»- 
bers“) of neutrons or protons. 

Tfie same idea was applied to the col¬ 
lision of neutrons with nuclei. Accord¬ 
ing to the shell model, the impinging 
neutron sliould travel through the nu¬ 
cleus on its own orbit, as through some 
field of force, and individual encounters 
with tlu* particles constituting the target 
nucleus ought to be rare and unimpor¬ 
tant. Hence the neutron should m most 
cases emerge with the same speed as 
that with whicli it entcr<(l, and onlv 


rarely should it get trapped. The details 
of the process should not depend criti¬ 
cally on the speed of the neutron. 

Observations of such collisions, initi¬ 
ated by Fermi in Rome, gave a com¬ 
pletely different picture. Most of the 
neutrons that interacted with a nucleus 
were trapped, their excess energy being 
radiated in the form of gamma rays. 
Moreover, the chance of the neutron 
being affected by the nucleus depended 
very critically on its energy. One found 
a large number of resonances, i.e., sharp¬ 
ly selected energies, for which a neutron 
was sure to be picked up by the nucleus. 
For each target nucleus there are many 
such resonances, the energy difference 
between them being often as low as 100 
ev. an exceedingly small difference on 
the nuclear scale. 

These resonances turned out to be ex¬ 
ceedingly sharp, and on the uncertainty 
principle of quantum mechanics a sharp¬ 
ly defined energ>' is associated with a 
long time. So it follows that once a neu¬ 
tron gels into a nucleus in conditions of 
resonance it must stay there a long time 
—much longer than it would take it to 
cross a region the size of a nucleus. 

The Liquid-Drop Model 

The way to resolve these apparent 
contradictions was pointed out by Bohr. 
He recognized that it was not right to 
think of a neutron as passing just through 
a general field of force, since the nucleus 
is densely packed with particles which 
each exert strong forces on the extra 
neutron as well as on each other. Instead 
of comparing the process with the pas¬ 
sage of a comet througli the solar system, 
as was appropriate for the passage of an 
electron through an atom, we should 
liken it to the entry of a golf ball into a 
space already fairly densely filled with 
similar balls. The result will be a com¬ 
plicated motion of all the balls, and the 
energy of motion of the extra one will 
rapidly gel shared with the others. 

The dynamical problem is now that of 
a true manv-bodv motion, and we have 
vastly more possibilities of van'ing the 
details of the motion of all the particles. 
This means that the niles of (|uantum 
mechanics will give us far more slates of 
motion, and these are responsible for the 
greatly increased number of resonances. 
\\*c also sec the reason for the long stay 
of the neutron in the nucleus, because 
\\hon the energy of motion is shared 
among many particles, none of them can 
attain enough speed to escape from the 
general attraction. It must take a long 
time before by chance one of them col- 



SHELL MODEL of the nucleuft is represent¬ 
ed by a potential ^welP in which the groups 
of horixontal lines indicate orbite that can 
be occupied by particles in the nucleus. The 
groups of solid gray lines indicate orbits of 
lower energy; the groups of broken gray 
lines represent orbits of higher energy. 



LIQUID-DROP MODEL may oho be repre¬ 
sented as a collection of golf balls. When an¬ 
other particle, or golf boU, enters ibe nucle¬ 
us, the motion of nil the bails is disturbed. 



OPTICAL MODEL pictures the nucleus as 
a somewhat cloudy crystal ball. The cloudi¬ 
ness represents the tendency of bombarding 
neutrons to be absorbed by the nucleus. 
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LOW*ENERGY ORBITS in ihe shell model of ihe nucleas may each be occopied by only 
two neotroQs (colored bollj) and Iwo protons [black balh)» In the normal state of affairs 
(fe/i) the low-ener^ orbiU are filled; ihe particles cannot gain or lose energy, and thos 
cannot change their orbits. A bombarding particle (upper right) has energy to spare; thni 
it can exchange energy with a particle in nocleos and move it to orbit of higher energy. 


loots enough of the available energy to 
get away. In our picture of the golf balls 
this will actually never happen, because 
in the meantime too much of the energy 
will have been dissipated in friction. In 
the nuclear case the analogue of fric- 
tion is the loss of energy by gamma radi¬ 
ation, and this is responsible for the 
events in which the neutron gets 
trapped. But it is less effective than In 
the case of the golf balls, and some neu¬ 
trons do get out again. 

The physicist does not invoke here the 
similarity with a system of golf balls, 
which is not quite close enough, but he 
is reminded of a very similar situation 
which arises when a water molecule hits 
a drop of water, and for this reason 
Bohr's model is often called the ''liquid- 
drop model/’ 



The liquid-drop model met with con¬ 
siderable success, and was able to ex¬ 
plain many detailed features of nuclear 
reactions. At this time it seemed evi¬ 
dent that the whole earlier idea of the 
shell model, which pictures the particles 
as moving independently, was doomed 
to failure, in view of the high density of 
the nucleus and the strong forces a par¬ 
ticle was bound to experience in many 
encounters with others during the course 
of its motion. Most physicists then re¬ 
garded the whole idea of a shell model 
as misconceived, but some, whether out 
of a stubborn refusal to accept the argu¬ 
ments against the model, or out of a 
deeper intuitive insight which convinced 
them that somehow one might be able 
to get around the argument, continued 
to look at the behavior of nuclei in their 



NEUTRON ENERGY 

GIANT RESONANCES ol a typical nuclcui are indicated by the colored curve. Each of 
the vertical line# repretenli on ordinary reaonance. The height of coch line denotei the 
nninber of bombarding neutroni at that energy which are trapped within the nucleus, or 
which emerge from the nucleiJi with only part of their original energy. Giant retonancei are 
obaerved when nucleui U bombarded with particles of lower energy and lower rerolulion. 


normal states in terms of shells. 

The Shell Model Again 

It soon became evident that there was 
overwhelming evidence in favor of such 
a shell picture, and the final success 
came when Maria C. Mayer of the Uni¬ 
versity of Chicago and J. D. H. Jensen 
of Heidelberg independently noticed 
that the facts fitted amazingly well with 
a slightly modified shell model. The new 
feature was that when a particle spins 
in the direction in which it moves about 
the center of the nucleus^ its orbit is dif¬ 
ferent from the orbit of a particle spin¬ 
ning in the opposite direction. When 
this idea was put forward, it was not 
known that the force between two parti¬ 
cles depends on the rehative orientation 
of spin and orbit. Today the idea appears 
entirely natural. With this refinement, 
such a mass of data about the behavior 
of nuclei could be explained that there 
remained no doubt as to the essential 
of the particle being absorbed, i.e., lost 
from the beam of bombarding neutrons 
[see “A Model of the Nucleus,'* by 
Victor F. Weisskopf and E. P. Rosen¬ 
baum; Scientific A.mehican Offprint 
261]. How can we understand the 
success of this picture of independent 
particle motion in view of the Bohr ar¬ 
gument? 

The answer to this question has been 
given in essence by Weisskopf. It may 
be expressed by considering the time 
sequence of events. To be sure, the bom- 
baj^ing particle is likely to be disturbed 
from its path by collisions, but this will 
take a little time. So for a short time it 
will penetrate into the nucleus on a 
regular orbit, and this initial period is 
important for determining whether it 
will actually get deep inside or be turned 
back at the surface. Now, to recall once 
again the uncertainty principle, we know 
that in talking about a short time inter¬ 
val we must^ot try to specify the energy 
too accuratelv. We should therefore 
think not of neutrons with a well-defined 
energy, but of a beam of neutrons vary ¬ 
ing in energ)’ by an amount that is 
greater the shorter the time in which 
they are likely to be involved in colli¬ 
sions inside the nucleus. Exj>eriments 
often make use of such mixed beams, if 
the experimenter does not take trouble 
to select the neutron energies accurate¬ 
ly. If we have data with accurate energy 
selection we should lump together the 
observations over a suitable »’ange of 
energies. 

Then we do not sec the sharp reso¬ 
nances anv more because there will al- 



























OXYGEN NUCLEI ARE BOMBARDED wiih ncutrom in thu 
ai ilic Rronkhavrn National Laboratory. The neutrons 
are produred by the Brookhaven nuclear reactor* the concrete 


shield of which is visible at riftht. The oxygen atoms arc contained 
in the long lank in the middle of the picture. The neutrons which 
are not absorbed ore counted in the shorter tank at lower left. 


ways be many of them within the energy 
range we use. The result we get in this 
way will reflect tlie number and strength 
of the resonances within the selected 
range. Hut we may now tliink of these 
results also as detennmed by the first 
short lime interval of the event, and as 
the neutron pursues a regular orbit dur¬ 
ing this short time interval the results 
now should reflect tlic behavior of sucli 
regular orbits. This therefore leads us 
directly to the picture of the optical 
modcT which has neutrons traveling in 
regular orbits. The absorption which was 
allowed for in Weisskopfs optical model 
merely reflects tlie fact that the particles 
do not stay on such a regular orbit for¬ 
ever. I)ut are sooner or later removed 
from it by ajilisions with other particles. 

The strength of this absorption is thus 
related to the rate at which collisions 
occur inside the nucleus. If they are 
ver\' fre(|uenl, so that I lie particle covers 
only a small fraction of tlie iuk loar diam¬ 
eter before it hits something, the “giant 
resonance's.' wliich C’orrespond to the 
r>rl)its of a Single particle, will bec'omc 


weaker and more diffuse. The fact that 
they arc found to be pronounced and 
distinct shows that the particle has a fair 
chance of completing at least one revo¬ 
lution in its orbit. In this respect we sec 
that the extreme form of Bohr's tiejuid- 
drop mode!, or our simple picture of 
golf balls, exaggerates the situation. But 
we have succeeded in reconciling Bohr’s 
explanation of the many sharp reso¬ 
nances in terms of the manv-bodv as- 

* ¥ 

pccts of the problem, with the super¬ 
imposed structure of giant resonances* 
which characterize the early stages of 
the process. 

It remains to account for the <{uanti- 
tative features of the optical model—and 
in particular for the long time a particle 
can stay in its orbit before being thrown 
out of it by a close encounter witli an¬ 
other particlo-in terms of the basic 
forces. A promising attack on this prob¬ 
lem is now tinder way. The workers en¬ 
gaged in it include C. E. Brown in the 
author’s group at the Universitv of Bir- 
mingh.un. In particular, the low rate of 
tHillisioiis is seen to he linked again with 


the effect of the exclusion principle. We 
have seen that this cuts down the rate 
of collisions in a normal nucleus dras¬ 
tically. In the impact problems where 
there is more energy to spare, the colli¬ 
sions are more frequent, because there 
are more orbits available that are not 
already occupied, but the prohibition is 
still partly effective and the collision rale 
is still a good deal less than that sug¬ 
gested by the picture of golf balls, for 
which all (piantum effects, including the 
exclusion principle, are of no impor¬ 
tance. 

A picture thus emerges in which the 
various, apparently contradictory, mod¬ 
els of the nucleus are seen as consistent 
parts of a whole, each appropriate for 
answering certain questions about the 
behavior of nuclei. There are problems 
for which vet other models have to be 
used, including the important “collective 
model ’ developed by Aage Bohr and B. 
Mottclson of Copenhagen, but it would 
exceed the scope of this article to de¬ 
scribe them and show how they fit into 
the stor)'. 
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FUSION POWER 


by Richard F. Post 

If man can tame the reactions in which nuclei of atoms are fused 
rather than split, he will have an almost limitless source of energy. 
The problem is now being attacked in laboratories all over the world. 


elfoit io thv h\clrogfn iiiid oil. Bui there are many ‘‘have-not” larger than its remaining coal. Even so. 

I bomb reaction—to harness the en- nations, and even countries rich ir) these fissionable fuels, too, are an exhau.sti- 

ergy of nuclear fusion for con- fuels are now seeing rapid inroads into ble supply. At the rate at which tlie 

Irolled power—is gaining momentum in their reserves. A\ this juncture uranium world s energ)’needs are expanding (the 

manv countries of the world. It is pro- has come to the rescue as a hope for the U. S. has doubled its electrical power 

ewding (jiiietly. behind a screen of offi- future. Already electrical power is be- ref|uirements every eight years) pracli- 

cia! secrcc), but nonetheless vigorously ginning to flow from the first nuclear cally all of the economically recover- 
and on a substantial scale. Every nation fission plants. The United Kingdom ex- able uranium, as well as coal, might 

has come to recognize that this research peels to go over to fissionable fuels for be exhausted within another century or 

effort may well be the most important most of its energy needs within a few so. Fission power also presents a more 

in the history of mankind. The ultimate decades, and many other countries are immediate problem: namely, disposal of 

stakes are so high, for nations individu- laying plans to follow suit; even the its radioactive wastes. If the present 

ally and mankind colleclivelv. that a U. S., with its great reserses of coal, is power needs of the U. S. were all sup- 

growing sense of urgency and delermin- spending hundreds of millions of dollars plied by fission reactors, wc would have 

ation is infusing the work of the several to prepare for turning to fission power to dispose each year of an amount of 

nations on this problem. at a not too distant date. radioactive fission products equal to that 

The upsurge of our industrial civili- The world s uranium and thorium, it from the explosion of 200,000 atomic 
/alum in the first half of the 20th erntu- is estimated, represent an energy reserve bombs; by the year 2000, with increased 

IV was founded upon fossil fuels—coal somewhere between 10 and 100 times use of power, the radioactive wastes 
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FUSION REACTIONS which promhe be ufteltil for production of power ore shown 
sehemaUcolIjr. At top two deuCerons merge to form a Iritium nucleus flrilon). Second is 
the equally probable reaction In which the deuterons form helium 3 and a neutron. Third, 
a deuteroD combines with a triton to form helium 4 and a neutron. At bottom a deuteron 
fuses with helium 3, producing helium 4 and a proton. The amount of energy released in 
each reaction is listed at its right. Protons and neutrons are designated as ‘*p” and 


would come to the cc|uivalent of eight 
million atomic bomb explosions per year! 
It is clear that the problem of safe dis- 
posal of radioactive ashes and gases in 
the coming age of fission power will soon 
become staggering. 

All this helps to explain the drive, if 
not race, to find out whether thenno- 
nuclear power con be tapped and put to 
work. If the fusion reaction can be made 
to yield power, it will solve forever both 
the fuel supply problem and the problem 
of radioactive wastes. The basic fusion 
fuel, deuterium, is as inexhaustible as 
the oceans, and fusion produces no ap¬ 
preciable amount of radioactive by* 
products. 

The Fusion Reaction 

Nuclear fusion is not exactly a new 
phenomenon. It has been generating the 
power of the sun and other stars for 
billions of years, and physicists discov¬ 
ered the fusion reaction in the labora¬ 
tory before they did fission. But to create 
and control fusion power on the earth 
is n problem of a totally different order 
from harnessing fission. It is undotibted- 
ly the most difficult project ever pre¬ 
sented to scientists and engineers. This 
article is a report of the publishable 
progress made so far. 

In the 1920s and 1930s physicists 
working with particle accelerators found 
that by accelerating protons (hydrogen 
nuclei) ai^d other light nuclei to high 
enough energies (many thousands of 
electron volts) they could break through 
the nuclear electrical repulsion and force 
the projectiles to fuse with light nuclei 
in a target. The fusion releases energ\\ 
because part of the miiss of the fusing 
luiclci is transformed into energy ac¬ 
cording to Einstein s famous C(juation 
Es=mc^\ But in this sort of bombardment 
a great deal of energ)' has to be pul in 
to make a few nuclei fuse. There can be 
no net yield of energ)' from fusion un¬ 
less it proceeds by a self-sustaining re¬ 
action, as, for example, in the interior 
of the sun. 

What is needed to produce a self-sus¬ 
taining reaction? Here it is apropos to 
compare fusion with fission. The fission 
chain reaction is analogous to the ex¬ 
plosion of TNT. A mechanical shock is 
sufficient to cause TNT to start explod¬ 
ing; the shock wave produced by frac¬ 
ture of its unstable molecules then 
touches off one molecule after another. 
SimiUrly in a fission chain-reaction tlu* 
trigger for the successive fissions is sup¬ 
plied by neutrons, each fission releas¬ 
ing neutrons to attack more fissionable 




OEUTERON ENERGY THOUSANDS OF ElECTRON VOITS) 

CROSS SECTIONS or probabilities of fusion reactions, os they vary with particle energy, 
are plotted for fusion of deuterium and tritium (lop), deuterium and deuterium (muU/e) 
and deuterium and helium 3 iboilom), A barn is an area of 10*^^ squore centimeter. 
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uranium nuclei. In short, heat or kinetic 
energy plays no part in promoting the 
chain reaction. 

A continuing fusion reaction, in con* 
trast, is analogous to the familiar process 
of combustion. In ordinary burning, 
molecules combine (e.g., hydrogen with 
oxygen, forming water), and their chem¬ 
ical reaction releases energy. To stick to¬ 
gether or fuse, the molecules must col¬ 
lide violently, which means the material 
must be heated. Three conditions are 
needed to bum a chemical fuel and 
harness its heat to do work: (1) the fuel 
must be raised to its ignition point; (2) 
there must be enough of it to sustain a 
continuing reaction; (3) the energy re¬ 
leased must be tapped in a controlled 
manner-e.g., to heat water or to drive 
a piston. Now precisely the same condi¬ 
tions arc needed to make a nuclear fu¬ 
sion reaction go and do useful work. 
The great difference is that for a fusion 
reaction the ignition point is rather high 
—hundreds of millions of degrees centi¬ 
grade! 

This one condition-the attainment of 
which was (juite unthinkable on the 
earth until recently—underlies all our 
problems. From it stems a whole train 
of formidable questions. Unfortunately 
it seems that no one crucial experiment 
will tell us whether a solution is possible, 
as the first fission chain reacHon did. Wc 
shall have to go through a long series of 
experiments to solve one problem after 
another. Most of them have to do with 
({uantitativc ijuestions, that is, numbers. 
There never was a field in which the 
numbers were more imposing—or more 
important. 

The Fusion Fuel 

Our first concern is the fuel. The most 
interesting candidate is deuterium, a 
heavy isotope of hydrogen, found in or¬ 
dinary water. The nucleus of the deu¬ 
terium atom consists of one proton and 
one neutron. When hvo deuterium nu¬ 
clei (dcutcrons) collide with enough 
energy to fuse, one deuteron grabs either 
the proton or the neutron of the other— 
the chances arc 50-50. If it fuses with the 
proton (freeing the neutron), it forms 
helium 3, releasing about 3.25 million 
electron volts of energy. If it combines 
with the neutron (this time liberating 
its partners proton), it yields about four 
million electron-volts and i)ecomes hy¬ 
drogen 3. or tritium, the radioactive iso¬ 
tope of hydrogen. A deuteron and a triti¬ 
um nucleus (triton) will fuse more 
readily than two deuterons, and this re¬ 
action releases more energy. Tritium is 


therefore another potential fuel for ther¬ 
monuclear reactors. It would have to be 
manufachircd, however, as plutonium 
is, because there are only trace amounts 
of tritium in nature. One possible meth¬ 
od of breeding tritium is to expose lithi¬ 
um to slow neutrons: on capturing n 
neutron, lithium splits into tritium and 
helium 4. 

Complete “burning** of the deuterons 
and their products (tritium and helium 
3) in a thermonuclear cycle would pro¬ 
duce alx>ut seven mev (million electron 
volts) per deuteron burned. This corre¬ 
sponds to 43 million kilowatt-hours per 
pound of fuel. By comparison gasoline, 
one of the best chemical fuels, yields 
about six kilowatt-hours per pound. Al¬ 
though only a small fraction of the hy¬ 
drogen in natural water is deuterium, 
still the deuterium in one gallon of ordi¬ 
nary water has an energy content equiv¬ 


alent to 350 gallons of gasoUnet The 
oceans contain enough deuterium to sup¬ 
ply the world with fuel for billions of 
years, even at a power demand 1,000 
times the present figure. For use in our 
atomic energ)' program in the U. S., ac¬ 
cording to published figures, we arc al¬ 
ready producing an amount of deute¬ 
rium which would be sufficient to supply 
the nations total energy needs many 
times over if it could be burned as fuel. 
The cost of extracting deuterium from 
water is low enough so that deuterium 
would be less than 1 per cent as expen¬ 
sive as coal as a fuel. And finally, the 
nuclear burning of deuterium and triti¬ 
um produces only inert gases, avoiding 
any problem of waste disposal. 

Deuterium, then, represents the "ulti¬ 
mate fuel." But its great promise is 
matched by the equally great difficulty 
of finding a way to bum iti 
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FUSION-POWER OUTPUT of platma at one len-thontandth of IGNITION TEMPERATURES, where nuclear power equali rodi* 
aimoipheric denaily h plotted againit temperature. Upper curve is aied power* are indicated by broken vertical linei for deuieriutn* 

for deaterium-tritiumforion; lower carve, for deuterium-deuterium. tritinm (upper curve) and deuterium-deuterium (fomr curve). 


The burning of thermonuclear fuel volt, or a velocity of about 3,000 miles pidsma. The gas pressure has risen to 

in an uncontrolled manner has been per hour. Of course no fusion reactions 1.500 atmospheres. The average velocity 

achieved with all too well known sue- are taking place. Now we heat the gas of the electrons is 10 million miles per 

cess in the hydrogen bomb. But the prob- to 5,000 degrees C. At this temperature hour, and even the much heavier deu- 

lem of producing a controlled fusion re- we no longer have molecules: the vio- terons are moving at the great speed of 

action is quite different. Let us see what lence of their collisions has broken them 170.000 miles per hour. Yet the deu- 

the necessary conditions arc. The best apart into deuterium atoms. The pres- terons still do not have sufficient energ\* 

way to do this is to follow an imaginary sure has risen to about 40 atmospheres effectively to overcome their mutual 

experiment. (600 pounds per square inch), and the electrostatic repulsion. At this tempera- 

average velocity of the atoms is about ture there would be only about one fu- 

The PlasiT?a 40.000 miles per hour. But we are still sion in the liter of plasma every 500 

very far from the velocity needed to yearsl We still have a long way to go 

We take a liter of deuterium g;i5 con- make two nuclei fuse. before we shall reach the ignition tem- 

fined in a vessel made of a mythical Next, let us jump to 100,000 degrees, perature of a mass of dcuterons. 
material which is capable of withstand- The remarkable properties of the mythi- At one million degrees, the rate of 
ing the enormous temperatures and pres- cal wall material are very much needed fusion reactions will increase more than 

sures that will arise in the course of the now, for any real material would long a billion billion times, but the total en- 

experiment. At room temperature and since have vaporized. Now the deiitc- ergy output sviW still be too small to be 

normal atmospheric pressure the deute- rium atoms of the gas have been broken detected—only a few millionths of a watt 

rium gas-molecules are wandering about down to the electrically charged nuclei per cubic centimeter. At 100 million de¬ 
in the vessel with an average kinetic en- (deuterons) and electrons: in a word, grees, however, the reaction rate will be- 

ergy of about one 25th of an electron the gas has become what is knowii as a come really resi>ectable. The pressure 
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PATHS OF PLASMA PARTICLES in a magnetic Seld are helixet. Positive particles go 
counlerrlockwise; negative parttclei, clockwise looking in the direction of the field. 



PLASMA IS CONTAINED by a magnetic field (dotted ring) which preventB escape of 
particles. Outer arrows show current in coil; inner arrows, current from deflected particles. 


then will have reached the staggering 
value of 1.5 milUon atmospheres. The 
electrons will be traveling at 90.000 
miles per second, and the deuterons at 
1,500 miles (around the world in 16 
seconds). Essentially all of the deuterons 
will react with. one another rapidly 
(within a fraction of a second), and 
their reactions will release energy at a 
fantastic rate—about 100 million kilo* 
watts. But we shall not yet have arrived 
at the kindling point: to sustain the re* 
action we shall still have to put in more 
energy than the fusions release. Only at 
about 350 million degrees will the **fire" 
(i.e.j thermonuclear reaction) become 
self-sustaining. 

This imaginary experiment brings out 
several important points. First, we need 
extremely high temperatures, though 
when we speak of high temperature here 
we are not thinking of heat in the usual 
sense but of the kinetic energy of the gas 
particles. Second, we could not even 
think of using the fuel at ordinary gas 
concentrations. If we are to keep the 
energy output and pressure of the gas 
>vithin controllable bounds, we must 
start with a thin gas at a density much 
lower than at atmospheric pressure— 
somewhere in the neighborhood of one 
10.000th of an atmosphere. But what a 
thin fuel this isMn a laboratory a gas at 
this density would be considered prac- 
licullv a vacuum. 

One of the interesting consetjuences 
of using a vcr>' low density is that even 
though the plasma is very hot in terms 
of the speed of its particles, its heat 
content will actually be very small. A 
liter of deuterium plasma one i0.000th 
of an atmosphere in density would, at a 
kinetic temperature of 350 million de¬ 
grees, have a heat content amounting to 
18,000 calories—about enough to heat a 
small cup of coffee. 

To calculate the rate of fusion power 
production from a hot plasma it is only 
necessary to know the reaction cross sec¬ 
tions and to insert these as data in the 
theor\’ of thermonuclear reactions in a 
hot gas [see charts on page 297]. How¬ 
ever, calculations of this kind, important 
as they are in specifying required 
physical conditions, shed no light on 
how to heat a gas to thermonuclear tem¬ 
peratures or on whether the reactions, 
once initiated, could be made self-sus- 
Uiining. This latter question depends on 
how much of the energy will be lost by 
radiation and other mechanisms. In the 
sun. the energy generated within its 
liuge volume is sufficient to maintain the 
reactions in spite of the radiation loss 
from the surface. If we could build a 
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fusion reactor as big as the moon, we 
would not need to worry particularly 
about energy losses. But for a reactor of 
practicable size this is our key problem. 

Let me first mention the unavoidable 
losses that must be lived with. These 
ixrc the losses by radiation from the 
plasma—primarily in the form of X-rays 
emitted when electrons collide with nu¬ 
clei. Now at a temperature of 100 million 
degrees, one cubic centimeter of dense 
matter would radiate energy at the un¬ 
believable rate of three million million 
million kilowatts! But fortunately the 
rate of radiation drops very rapidly as 
die density of the matter falb. At the 
low density we have been considering, 
the radiation loss becomes comparatively 
small. The energy yield of fusion reac¬ 
tions increases rapidly with rise in tem¬ 
perature, and it will outstrip radiation 
losses at a temperature above 50 mil¬ 
lion degrees in the case of the deuteron- 
triton reaction and above 370 million de¬ 
grees in the deuteron-deuteron reaction. 
These, then, are the ignition tempera¬ 
tures of the respective fueb. But the 
plasma must be very pure, because nu¬ 
clei of higher dements (above hydrogen 
and helium) greatly accelerate the rate 
of radiation. A surprisingly small amount 
of impurities could poison a very large 
volume of plasma. For example, the met¬ 
al in the head of a pin, if vaporized, 
would be quite sufficient to poison sev¬ 
eral railroad tank cars full of plasma. It 
is clear that purity will be a prime re¬ 
quirement in any controlled-fusion reac¬ 
tor. 

Of the other class of energy losses— 
the ones we can and must reduce—the 
most serious is dissipation of particle 
energy to the walls of the reactor. We 
have to have a closed chamber, to hold 
out the atmosphere and keep our gas at 
low density. But consider the particles 
in thb gas. They arc so widely dispersed 
in our near-vacuum that each deutcron. 
in its random wa'^derings, travels thou¬ 
sands of miles on the average before it 
encounters another deuteron (or a tri¬ 
ton). It has a far greater chance of hit¬ 
ting the walb of the container first. Yet 
if it does, thb coUbion will immediately 
damp its energy. Obviously wc cannot 
allow the particles of the plasma to touch 
tbc walb. Contrary to a common im¬ 
pression, the reason is not that the plas¬ 
ma will vaporize the walb (it does not 
contain much heat) but simply that con¬ 
tact with the walb would instantly cool 
the plasma and quench the reaction. 

This, then, b the nub of the problem; 
How to confine a very hot gas within a 
material chamber (for at least a fraction 



PINCH EFFECT occur* when • lorge electric current is sent through a plasma in a cylinder. 
Circular magnetic lines of force set up by the current contract and pinch the plasma inlo a 
narrow channel {colored column). The straight arrows show the direction of the current. 
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of a second) without allowing any ap* 
preciable amount of it to reach the 
chamber walls. Posed in this way> it 
sounds like a scienoe-fiction problem, 
quite unsolvable in any real world. But 
as is now well known, about a decade 
ago an ingenious solution emerged— 
namely, the plasma might be confined 
within a magnetic field, serving as a kind 
of furnace liner in the chamber to keep 
the particles away from the walk. 

The Magnetic Bottle 

The idea rests basically on the simple 
fact that a strong magnetic field will 
deflect charged particles from a straight 



path [see diagram at tap of page 298], 
Now a hot, high-pressure plasma could, 
under the proper circumstances, gener¬ 
ate an internal magnetic field of its own 
strong enough to exclude the externally 
applied field. Inside such a plasma the 
particles would therefore move in 
straight lines. But at the boundary of the 
plasma they would be deflected back 
into it by the outside magnetic field [see 
diagram at bottom of page 298]. The 
magnetic lines of force, acting like elastic 
rubber bands, could resist considerable 
pressure. If the magnetic field were 
made strong enough, it should form a 
magnetic ‘'wall'" able to contain a high- 
pressure plasma, just as a steel cylinder 



holds a high-pressure gas. According to 
the theoretical calculations, a field with 
a strength of 30,000 gauss, for example, 
could withstand a plasma pressure of 
100 atmospheres, and a field 10 times 
stronger (which has been achieved in 
laboratories) could support a pressure 
of 10,000 atmospheres. 

A fusion reaction sustained in such a 
magnetic bottle could never "run away,"" 
as the fission chain reaction may. If the 
plasma pressure became stronger than 
the magnetic field, it would rupture the 
magnetic wall and the plasma would 
touch the material chamber wall, which 
would immediately quench the fusion 
reaction. By the very nature of the beast. 



INSTABILITIES in o pinched plaenu ori&e from kink« (le/l), where the mopinctlc lines STABILIZED PINCH might be achieved 
;irc crowded on the concave Mde. and ronitriclionB {right), where the field is oho crowded. by pulling a mognctic field (long orroies) 
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then, a fusion reactor could never ex¬ 
plode; it could only collaps"*. 

The simplified picture we have been 
considering should not be taken to mean 
that the magnetic bottle would be leak- 
proof. Actually the plasma and the mag¬ 
netic field would gradually penetrate 
and intermingle with each other, and 
the plasma would eventually escape 
completely unless replenished. Fortu¬ 
nately this leakage should be slow 
enough, according to the theory, to per¬ 
mit the achievement of a self-sustaining 
fusion reaction. But, as we shall see, a 
magnetic bottle does not always behave 
as the simple theory predicts. The inter¬ 
actions between a high-temperature 


plasma and magnetic fields are a difficult 
problem in fundamental physics, and 
they have given rise to a new field of 
study which might be called ''experi¬ 
mental astrophysics.** 

The Pinch Effect 

So much for the theory. How could 
we actually make a magnetic bottle? It 
occurred independently to many investi¬ 
gators that an obscure electrical phe¬ 
nomenon known as the "pinch effect” 
might provide the answer. This effect, 
first produced experimentally only about 
a decade ago, rec|uires a very large elec¬ 
trical current. W^en such a current is 



through a plaima. Teniion would •traighten kinkt (lo/t) and mutual repulsion would re¬ 
list eonitrtetioni (center!. Circular llnet hold plaima away from conducting wall (rights. 


passed through a conducting gas in a 
tube, it sets up a magnetic field which 
tends to pinch the gas and pull it away 
from the tube walls [see diagram on 
page 299]. Magnetic lines of force 
circling the gas compress it by their ten¬ 
sion. Since a plasma is an excellent con¬ 
ductor of electricity, the pinch effect 

looked like an attractive and readv-made 

✓ 

means of forming a magnetic bottle. 

Theoretical calculations showed that 
it would take a very large current in¬ 
deed—millions of amperes—to confine a 
plasma of high temperature and low 
density. Not discoumged bv this fact, 
investigators in many countries carried 
out experiments with simple pinch tubes 
[see illustration on page 294]. They ap¬ 
plied high voltage to a losv-pressure 
gas in an insulated tube and produced 
an electrical discharge. This ionized the 
gas, and heavy current then began to 
flow. As they hoped, the pinch made its 
dramatic appearance. But with it also 
came a blow to their hopes. The pinch 
lasted only a millionth of a second or so; 
no sooner had the column of plasma been 
compressed than it writhed violently and 
drove itself to the tube wall. Further¬ 
more, the tighter the pinch, the faster 
it destroyed itself. 

This was not hard to understand, and 
in fact was predictable theoretically. 
Two different hpes of instability can 
develop. In the first place, any small kink 
in the pinched column will grow rapid¬ 
ly, because the magnetic pressure is 
stronger on the concave side of the 
kink (where the lines of force are 
crowded together) than on the convex 
side [see first diagram at left belou]. 
The second cause of instability is a kind 
of "sausage” effect [middle diagram at 
left]. The plasma tends to pinch or 
neck itself off at one or more points 
along the column, and thus cuts itself 
into pieces. 

Incidentally, in connection with the 
latter phenomenon there is an interest¬ 
ing story which illustrates how hopes 
can suddenly rise and just as suddenly 
full in an important but uncharted field 
of research such as the fusion power 
enterprise. When investigators first pro¬ 
duced strong pinches in deuterium gas, 
they were delighted to discover bursts of 
neutrons—evidence of fusion reactions in 
the plasma. They thought they had 
reached thermonuclear temperatures 
momentarily. B'U on anah sis they had to 
conclude th i it was merelv some ob- 
score electrical effect, associatetl with 
the violent disruption of the pinch by 
the sausage instability, that had acceler¬ 
ated a few deuterons to fuse. 


302 PHYSICAL SCIENCES 236 




hXPKIUMLNT ihc rr^ulis of licjiin^ dcu« 

trrhiijj |fjH. Al lc)|» Jfii \\h' oi room tcmperalurc and atmo<- 

[iUcr'u of 15 pooniU per ^<IUrtrf inch. HcalrJ lo 5,000 dr- 

[Ltvv^ tenhgrjile Uop rights llir dbtomic moIrculcB h.no &pUl 
to form deuUrlum nloms and ihr pressure h 60(1 pound> per t>f|unrr 


inrii. Wlicn ilir Irniprrature is raised (o 100,000 decrees (I^cuom 
IcfiK otomf^ arc ionized, forming a plasma of eleclrons and deuter- 
ons. The pressure is 20,000 pounds. At a temperature of 100 million 
degrre« land a pressure of 22 million poundsl some deuterons can 
fu^e, releasing energy, but the reaction is still not self-sustaining. 


















Post / FUSION POWER 


303 



LIFE OF A PINCH is depicted in this Mriee 
of image’ampliiier photographs. The top 
Ibreo pictures show the formation of the 
pinched column of plasma (bright band) as 
oorrent it sent through the gas. The re¬ 
maining views show its death, brought on 
by the development of kink instabilities. 


How could the pinch be stabilized? 
Theoretical investigations published in 
the U. S., in the United Kingdom and in 
the U.S.S.R. have suggest^ a possible 
answer, although they have not yet 
shown how the physical conditions nec¬ 
essary to make it work could be 
«'tchieved. The idea is to create not only 
a pinching magnetic field around the 
plasma but also a strong longitudinal 
magnetic field within the plasma column 
[see diagrams on pages 300 and 30i]. 
The internal field would act as a stif¬ 
fener. If a kink started to develop, it 
would tend to stretch the interior lines 
of force, and their elastic resistance 
would pull out the kink. Similarly if the 
sausage type of constriction tried to 
pinch into dte column, the internal lines 
of force would resist being sejueezed to¬ 
gether and thus would prevent collapse 
of the column. 

There is a third type of instabilit)* 
which could destroy a plasma column: 
namely, a long, gentle bend of the col¬ 
umn that would grow in strength and 
push the column to the chamber wall 
[see diagram at right on page 301]. 
However, this can be counteracted bv 
using a conducting material for the 
walls of the tube. Since a conductor acts 
as a barrier to a magnetic field, the mag¬ 
netic field lines around the plasma 
column would be crowded against the 
wall where the bent column approached 
it, and the resulting hack pressure would 
push the column back toward the center 
of the tube. 

1 should make clear that the straight 
pinch columns illustrated here are sim¬ 
plified systems which merely exemplify 
the principles. In practice it would prob 
ably not be desirable to try to produce a 
stable pinch in a straight tube, for sev¬ 
eral reasons: among other things, tlie 
electrodes at the ends of the tube would 
have a cooling (f.e., quenching) effect 
on the plasma. Pinch experiments have 
already been performed with other 
shapes. One of these is a doughmit- 
shaped tube in which currents are in¬ 
duced and can circulate without bump¬ 
ing into a solid surface. A high voltage 
applied to the winding around a large 
iron transformer core in the tube pro¬ 
duces an electrical discharge in the gas, 
which then functions as a one-turn sec¬ 
ondary winding. Very heavy currents 
can be induc'ed into the plasma in tins 
way. 

Besides the pinch effect, other jK>ssi- 
b!c methods of forming u magnetic bot¬ 
tle are l>eing investigated, in the U. S. 
and no doubt in other countries. Most 


of the current research on the fusion 
power problem involves experiments in 
very complicated electromagnetic phe¬ 
nomena—the behavior of a high-temper¬ 
ature plasma in various magnetic field 
configurations. It is extremely hard 
work, taxing all the resources of our 
present technology'. As I have mentioned, 
there is little likelihood of anything like 
a sudden ‘l)reak-through'* to a radically 
simpler approach. Since we shall make 
headway only by many mutually rein¬ 
forcing studies and by the development 
of new and untisual techniques, it is evi¬ 
dent that progress would be more rapid 
if the various nations involved foined 
in a cooperative exchange of informa¬ 
tion on all phases of the research. 

Tracing the Wisp 

We are having to learn for the first 
time how to handle and manipulate rap¬ 
idly huge quantities of electrical energy, 
and to build big, extremely clean vacuum 
systems. One of the thorniest problems 
is measurement. It is hard enough to 
create a hot plasma in the first plaw, 
but to find out what it is doing, once 
created, is sometimes still harder. Some 
new measurement t<-chni«|ues have al¬ 
ready been developed. To measure the 
density of a plasma there is a new “mi¬ 
crowave interferomeler*' using beams of 
millimeter radio waves us probes. The 
temperature of the plasma is assessed 
by studying its X-ray emissions, its radio 
“noise*' and its escaping particles or re¬ 
action products. Somewhat surprisingly, 
a very hot plasma emits little visible 
light. But it has been possible to make 
spectroscopic studies of cx>oIer plasmas, 
in which the atoms are not completely 
stripped of their electrons. These meas¬ 
urements not only indicate the tempera¬ 
ture but also tell the velocity of the 
plasma s motions, by the Doppler shift. 
And simply by measuring changes of the 
magnetic field during an e.xperiment we 
can get information about the tempera¬ 
ture, density*, shape and velocity of 
plasmas as they are formed. 

To appreciate the observation prob¬ 
lem you have to picture the scene of the 
events we are studying. Most of the ex- 
j)eriments on high-temperature plasmas 
arc carried out within antiseptic vacuum 
systems surrounded bv c'onductors car- 
rying large and rapidly varying eletincal 
currents. And what we have to delect 
are the whims of an invisible, short lived 
wisp of near-nothingness somewhere in 
the bowels of this apparatus! 
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UOUGHNUT*SHAPED PINCH TUBE u made by threading & through the winding at left causes a strong induced corrent in the 

transformer core through a hollow ring containing plasma. Current plasma* which is then pinched by its own circular magnetic field. 


Tapping ihe Power 

Plainly it will be several years before 
any fusion reactor is developed to the 
point where we have to face the final 
problem of extracting its power. But of 
course some thought has already been 
given to this matter. 

If the fuel is a mixture of deuterium 
and tritium, the lion*s share (80 per 
cent) of the energy released by the fu* 
sion is carried off by the neutron cinerg* 
ing from the reaction. This energy would 
be tapped by trapping the fast neu¬ 
trons and feeding the resulting heat to 
a steam system generating electricity in 
the conventional way. Since such a re¬ 
actor would have to breed more tritium, 
the neutrons would probably be trapped 
in a breeding blanket of lithium sur¬ 
rounding the reactor. Some of the elec¬ 
trical power generated would have to 
be fed back to the reactor to maintain 
the magnetic bottle. 

If the fuel IS deuterium alone, we 
have the intriguing possibility of turning 
the energy output directly into electric¬ 
ity. In the deutcron-deuteron fusion, 66 
per cent of the energy released is im- 
p.irted to the charged reaction products 


-helium nuclei and protons. It is quite 
possible that conditions could be ar¬ 
ranged so that most of these particles 
stayed trapped within the plasma. In 
that case the heated and expanding plas¬ 
ma would tend to push outward against 
the magnetic field, and by the use of 
properly arranged circuits this motion 
could in principle be made to generate 
a current. In other words, in pushing 
against the magnetic field the expanding 
plasma would do work, just as steam ex¬ 
panding against the piston of a steam 
engine does work. In the case of the 
plasma the piston would be the "wair 
of the magnetic field, and the linkages 
converting its energy into useful work 
would be electrical circuits instead of 
rods and wheels. It is possible that the 
efficiency of this engine might be much 
higher than that of the conventional 
steam cycle, for the thennodvnamic 
principles that limit the efficiency of or- 
dinar)’ heat engines would not apply. 

In (he last analysis the feasibility of 
fusion power probably will hinge pri¬ 
marily on the size of the reactor. Very 
likely many potentially workable reactor 
schemes will have to be rejected on the 
basis that they would be impracticably 


large. On the other hand, '"pocket-edi¬ 
tion'* fusion reactors are simply out of 
the question, on theoretical grounds. 
The fusion power plants of the future, 
if they are ever re«ilized, will in all like¬ 
lihood be large central stations for gen¬ 
erating electrical power. 

Crowing Hopes 

The scientists working on the fusion 
power project in the U. S. confidently 
believe that all the problems will even¬ 
tually be solved, for, difficult though the 
problems «ire, they now see no really 
fundamental barrier standing in the way 
of ultimate success. 

I want to mention a few of the mile¬ 
stones that have been passed, insofar as 
secrecy restrictions permit. The first 
group to consider the possibility of ob¬ 
taining fusion power through the mag¬ 
netic confinement of a hot plasma, so 
far as we know, were Enrico Fermi, 
Edward Teller, James Tuck and others 
at the Los Alamos Scientific Laboratory. 
Although they advanced their ideas 
around the end of World War II, no ex¬ 
tensive experimental work was started 
in the U. S. until about 1951, when 
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THE '^PERHAPSATRONt’^ an instnimenc for producing the pinch effect in a plasma* was 
photographed at the Los Alamos Scientific Laboratory. Doughnut tube ti in the center. 


programs began under Tuck at Los Ala¬ 
mos and Lyman Spitzer at Princeton. 
Scientists in the United Kingdom ap¬ 
parently had launched some work two 
or three years earlier, and the U.S.S.R. 
may have started about the same time. 
In 1952 the U. S. Atomic Energy Com* 


mission sponsored a large conference on 
ct>ntTolIed*fusion reactions. In the same 
year a program was initiated by Herbert 
York at the University of California Ra- 
diation Laboratory in Livermore. Smaller 
programs have since been set up at the 
Oak Ridge National Laboratory and 


New York University. Within the past 
year two substantial programs have l^n 
initiated with private capital; at the 
General Atomics Laboratory in San 
Diego, Calif., and at the General Electric 
Research Laboratory in Schenectady, 
N. Y. 

Among other countries known to be, 
engaged in studies of controlled fusion 
are France, Germany, the Netherlands 
and Sweden. It is abundantly evident 
that the search for fusion power is taken 
seriously in all parts of the world. The 
nature of the problems being faced, the 
time it will no doubt take to solve them, 
and the importance of the goal to be 
won are compelling reasons to hope for 
the growth of international cooperation 
in the research. 

If the reader of this article is left with 
the impression that the search for fusion 
power is at once the most fascinating, 
the most difficult and potentially the 
most important peacetime sdentific ef¬ 
fort ever undertaken, he will be sharing 
the opinion of the many scientists now 
working on this problem. 
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PHOSPHORS 


by J. S. Prener and D. B. Sullenger 


In their studies of these luminescent materials physicists have reached 
the point where they can formulate verifiable theories about how 
they function and have begun to make better phosphors than nature. 


These blazes . . . gioing more light 
than heat . . . 

Hamlet, Act I, Scene 3 

A Uhough Polonius in this remark to his 
/\ dnughler Ophelia had another 
1 Jl subject in mind, he might have 
been speaking of luminescence* for lumi¬ 
nescence is certainly an emission more of 
light than of heat. This production of 
“cold light“ has long been a source of 
amazement. In early times men regarded 
luminescent animals and minerals as 
possessing magical <|ualities. In 1603 a 
Bologna shoemaker, who apparently 
practiced alchemy on the side, healed to* 
iiethcr a mixture of charcoal and l>aritcs 
and accidentally prodiK‘t‘d the first 
recorded ssutlietic phosplior. Instead of 
tlie philosophers* stone, he obtained a 
material whicli gtowe<l in the dark after 
exposure to sunliglU. 

We employ today a nniltitude of or¬ 
ganic and inorganic pliosphors—in 
fluorescent lighting, in television, in ra¬ 
dar. in paints and inks, in instruments 
for detectii»g various radiations. Tlic 



I \rTl(.K i>f I ^ \ iinti rlilfiiidc 

I * ic»ns -111 r<oi(ii]''ill liliiiai ion 


fluorescent lamp, first exhibited to the 
U. S. public at the 1939 New York 
Worlds Fair* now challenges the in¬ 
candescent lamp in popularity. The ex¬ 
ploitation of the properties of phosphors 
has removed them from the realm of the 
laboratory curiosity. Some phosphors arc 
now being produced in tonnage quanti¬ 
ties, though most of their uses require 
only gram amounts in each device. The 
total annual world production of phos¬ 
phors is estimated to be more than one 
million pounds. 

T he word “phosphor” comes from a 
Greek word meaning light-carrier. 
From the same word we get the name of 
the clement phosphorus, which, upon 
exposure to natural weathering, emits 
lislit. This has been shown to be due to 
the clicmieal release of cnerg\' by oxida¬ 
tion of the element. Photoliiniinescrnt 
phosphors arc substances which absorb 
electromagnetic energy, usually ultra¬ 
violet light, and then rc-cmit this energy 
in the form of visible light. The absorp¬ 
tion of energy by the phosphor is called 
“excitation*' of the phosphor, and the re¬ 
lease of the energy is called fluorescence. 
The difference in the wavelength of the 
absorbed and emitted light is an im¬ 
portant properly of phosphors, because 
the material as a con.sc<jucnco docs not 
reabsorb much of the light it emits. 

The phololuminescent phosphors arc 
not c^.sy to prepare, for their composition 
must be risiidlv controlled, Because of 
iliis, and because of the desirability of 
having exact knowledge as to their 
physico-chemical properties, much re¬ 
search has centered upon them in the 
past two decades. 

In the lluorescvnt lamp the phosphor 
is coated on I lie inside of the glass tube, 
and the exciting ultraviolet light comes 
from a nuTcurv glow discharge. There 


are many natural phosphors; typical 
ones are the minerals willemite (zinc 
orthosilicate), wurtzitc (zinc sulfide) 
and fluorite (calcium fluoride). The 
phosphor chemist has been able to syn¬ 
thesize, under carefully controlled con¬ 
ditions, much more efficient phosphors 
than those found in nature. The property 
of fluorescence is known to be due to the 
presence of small amounts of impurities, 
called activators, in the compound. The 
specific properties of a phosphor (e.g., 
the color of the light it emits, the wave¬ 
length of light it must absorb to be ex¬ 
cited to fluorescence, the brightness of 
the emitted light, the duration of 
phosphorescence, or afterglow) depend 
primarily on the chemical nature of the 
material and the activator it contains. In 
the zinc onhosilicale phosphor (green 
fluorescence) the activator is manga¬ 
nese; in zinc sulfide (blue fluorescence) 
it is silver; in calcium fluochlorophos- 
phate (white fluorescence) it is anti¬ 
mony and manganese. The needed im¬ 
purities ;imount to less than 1 per cent. 

Let us see how a chemist prepares n 
typical phosplior: mang;\ncsc-activated 
zinc orthosilicale. He takes very pure 
zinc oxide and silicon dioxide, adds .1 
per cent manganese in the form of a .salt 
such as manganese sulfate, mixes these 
ingredients together and heats them to 
1,100 degrees centigrade. At this tem¬ 
perature the zinc oxide and silicon 
dioxide read to form zinc orthosilicate 
(ZiijSiO^) and the manganese atoms 
diffuse into tlie crystals. Many other 

9 ¥ 

phosphors are made as poly crystalline 
powders bv similar solid-state diffusion 
methods. Some phosphors can also be 
prepared as single crystals and as trans¬ 
parent thin films about one micron thick, 

A great deal of research and develop¬ 
ment has gone into the improvement of 
old phosphors, synthesis of new ones 
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PHOSPHORESCENCE of pure rr> 5tal* of zinc sulfide i> cvidcnl 
in itiiei phol(»grnph taken by light emitird front them during cxeiia* 


lion from an uliraviolci light ^ourcc. Zinc sulfide occurs in nature a$ 
the miiicriit uurzitc, and it enitt« a hlui«h light Khen it fluorc»ce^ 


iind aUempts to undcTSland the physics 
of (Itiorescencc. Most of the development 
of new plio'jphors «uid tlie imj)rovemcnt 
of old ones has proceeded along purely 
ompirital lines. Recently, however, de¬ 
tailed studies of the physics of himi- 
iu*sc<'nce have eiiiihled us to understand 
the phenomenon well enongli to begin 
lesigning phosphors for specific applica¬ 
tions from theoretical considerations. 
For inst.UKe, on (he basis of studies of 
one simph* pliosphor (thalliumacti- 
sated potassnnn chluride) it was pre¬ 


dicted that use of mercurj' as the im* 
purity in a material such ns the mineral 
harmotome, a silicate of aluminum, 
barium and potassium, would yield a 
phosphor capable of absorbing liglu at 
2.537 Angstroms and emitting blue light. 
Such a phosphor lias already been pre¬ 
pared. As more complicated phosphors 
are treated iheoreticallv. no doubt more 
such analogous cases will arise. 

In pre<liciing the luininesccnt pniper- 
* ties (>f a pliosphor. the theor\‘ of lumi¬ 


nescence starts with the properties of the 
ions tliat make up the material and the 
known forces of interaction between 
them. The only phosphors shidied theo- 
reticallv so far have been those that are 
tlic simplest to treat mathematically. The 
first was the one mentioned above- 
thallium-activatcd potassium chloride. 

This pliosphor consists of potassium 
chloride with inonovalent thallium ions 
raiulonilv distributed in the cnstal, re¬ 
placing about .1 per cent of the potas¬ 
sium ions. Let us look at one little region 
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of the crystal in the vicinity of a typical 
thallium ion [see diagrem on page 306]. 

The thallium ion is closely surrounded by 
six chloride ions, and farther away arc 
other chloride and potassium ions. The 
whole crystal can, of course, be built up 
by a repetition of this fundamental build* 
ing block in three dimensions, except 
that a potassium ion usually sits where 
the thallium ion is in this diagram. 

What holds the crystal together? We 
first recognize that potassium chloride, 
being an ionic solid, is built up of posi* 
tively charged potassium ions and nega¬ 
tively charged chloride ions, which are 
attracted to one another by virtue of the 
electrostatic forces between charged par¬ 
ticles. When two ions get too close to¬ 
gether, however, the overlap of the elec¬ 
tron clouds surrounding their nuclei re¬ 
sults in repulsion. This force is not due 
entirely to the electrostatic repulsion be¬ 
tween the negatively charged electrons; 
it can be understood in detail only on the 
basis of quantum mechanics. At all 
events, the equilibrium distance be¬ 
tween ions in a crystal is regulated by a 
balance of the attractive and repulsive 
forces. It takes energy to pull the six 
chloride ions farther than this distance 
from the thallium ion or to push them 
closer to it. Of course the ions in the lat¬ 
tice are not stationary; they vibrate 
around their equilibrium position. 

The thallium ion and its six surround- 

• 

ing chloride ions are called the activator 
system. When the six chlorides are at 
any given distance from the thallium, wc z 
have what is called a ‘^configuration" of 
the system; the to west-energy configura¬ 
tion is the one at the equilibrium dis¬ 
tance, and those corresponding to higher 
energies arc said to have positive con¬ 
figuration coordinates. The configuration 
coordinate is the distance between the 
thallium ion and the surrounding 
chloride ions. We can show the energy 
of the activator system graphically ns 
a function of the configuration coordi¬ 
nate if wc can calculate in detail what 
energy is required to move the six 
chloride ions from their equilibrium posi¬ 
tion to some new position. This energy 
can be calculated by the methods of 
quantum mechanics. It depends on the 
specific distribution of the electrons 
around the thallium ion and around the 
chloride ions, for the repuUive forces arc 
particularly sensitive to these distribu¬ 
tions. We would like to re-emphasize 
that the activator system takes^ up these 
various O)nfigurations because of the 
tlicrmal vibrations of the chloride ions 
around their equilibrium positions. 

Now let us see what happens when we 


shine ultraviolet light on this thallium- 
activated phosphor. It can absorb only a 
certain range of wavelengths. Each thal¬ 
lium ion will absorb a photon of this ul¬ 
traviolet radiation. This absorption will 
increase the energx’ of the system by a 
certain amount depending upon the 
wavelength of the radiation. In the 
higher energ\’ slate the electrons are re¬ 
arranged in a different way around the 
nucleus of the thallium ion. This dis¬ 
tribution can again be calculated bv the 
methods of quantum mechanics. Be¬ 
cause of the new distribution, the re¬ 
pulsive forces bebveen the thallium ion 
and the six surrounding chloride ions arc 
less than they were in the unexcited thal¬ 


lium ion. Hence the ecjuilibrium position 
of the chloride ions is different: they are 
closer to the thallium ion than in the 
ground state. The difference in the 
shapes of the electron distributions in 
the unexcited and excited states of the 
thallium ion is shown schematically in 
the model on the next page. 

From curves representing the energy 
configurations in the two states we can 
derive theoretically the absorption and 
emission spectra of the phosphor [see 
chart on next page]. The peak of the ab¬ 
sorption spectrum will correspond to the 
energy difference shown by the arrow at 
the right on the chart, and the peak of 
the emission spectrum to the arrow on 
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WAVELENGTH (ANGSTROM UNITS) 

ABSORPTION AND EMISSION cur^e lhcor«lically ralculoled ^ solid line) lor thallium 
activaied potai^ium chloride agrees hxII with the experimental one {broken line). 
The peak of absorption of light comes ot shorter wavelength than peak of emission. 
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El FCTRON CLOl'I) of a lhallium ion differ* in the uncacited Mate (fe/li from that in 
cxri'led Male I rifhi ). The model show, difference in electron di.tribtHion* around nucleu*. 



CONFIGURATION COORDINATE -^ 
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the left. Tlie dificrcncc in length of the 
two arrows indicates that the peaks in 
the absorption spectrum and in the 
emission spedrinn come at different 
wavelengths. It is this property that 
makes the phosphor transparent to its 
own emission, as we have mentioned. 
The exact shape of the absorption and 
emission spectra can be calculated from 
a knowledge of the relative probability 
of various configurations. The curves of 
these theoretical spectra come very close 
to those based on actual observation 
[chart on page 309]. 

VV^e can sum up the absorption and 
” emission processes in a phosphor 
briefly as follows: The most probable 
configuration of the activator system is 
the one of lowest energy. Wlicn wc shine 
ultraviolet light on the phosphor, the 
lhallium ion absorbs a photon of ultra¬ 
violet light and is excited to a higher 
energy state. The energy rise is repre¬ 
sented by the length of the arrow at the 
right in the chart. The activator system 
adjusts itself to a new ciiuilibrium posi¬ 
tion, corresponding to the upper end of 
the arrow at the left in the chart. The 
difference in energy between this level 
and that of the tip of the arrow at the 
right appears as heat, which is dissipated 
in the crvslal. The excitcrl thallium ion 
now emits a photon of visible light which 
appears as luminescence, and the energy 
of this phoion is ecjual to the Icngtli of 
the arrow at the left. The activator sys¬ 
tem now readjusts itself to its ci|uilibri- 
um configuration in the unexcited state, 
and again the difference in energy ap¬ 
pears as heal. Now the lhallium ion is 
ready to absorb another phoion of ultra¬ 
violet light and begin a new cycle. It 
takes about a millionth of a second to 
complete one cycle. 

ilthough this iheor}' is only in its in- 
‘ ^ fanev, it has been applied (juilc suc¬ 
cessfully to a simple phosphor, predict¬ 
ing most of the important luminescent 
properties. The configuration coordinate 
model recently has been sustained in- 
dependentU by studies of the effects of 
pressure on the emission and absorption 
S]>eclra. Fui lhermore, as wc have noted, 

the llicors' has already yielded one new 
' ' ' 

synthetic phosphor, and more compli¬ 
cated ones arc under investigation. 

The approach offers considerable 
hope of crealing phosphors which will 
greatly improve the performance of de¬ 
vices utilizing luminescence and open 
up many new, large-scale applications. 
Fully as important as the applications is 
our increased understanding of the na¬ 
ture and properties of the solid stale. 
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THE TEACHING OF 
ELEMENTARY MATHEMATICS 


by E. P. Rosenbaum 


Part II of a survey of the current ferment in science 
education. The outlook in mathematics: The next few years 
will bring substantial changes in high-school curricula. 


r f von hiivc a voimgsler in liigh school 
and are occasional!v called upon for 
help on his inaHv )*ou may not rc* 
member the answers b\il nchi recognize 
(he problems. It is the same old math 
that was taught a generation ago and 
indeed 200 vears ago. The methods and 
(he snbjeet matter have not changed. 
Ihit a revolution is impending. Deeplv 
dissatisfied with the wav mathematics 
has been taught, several inllnential 
groups of educators have begun to ex¬ 
periment u itli radicallv new methods oi 
presenting IIk' subject. There are high 
schools u here sophomores are now tak¬ 
ing liome problems such as this: Prove 
that (A. B / jjj^and oiiK if (A ^ / and 
B € 1) and Al? fl / 0. (Translated 

lliis reads '*Prove that a point B lies 
between another poiijt A and a line / 
if and onl\ il .\ is not a memlrer of I and 
B is not a member of / and the segment 
AB does not intersc*ct /.' ) 

*1 lu ie are sharp differences ol opin¬ 
ion al>r)ut whether (his soit of thinil is 
lielpinl or s\ill get ver\ (ai. But on one' 
thing almost eversoiie agrees: The old 
mathematics com se innsl go. It does not 
t( 11 (he students what mathematics is all 
alinul- Il does not give* them am rial 
uTul<Tstan<hng ol (he principles of the 
subjecl. I( is so fai behind tin* times that 
it leaves oii( pracliealK all (Ik* new 
ideas and discoveries of the past 1(10 
seals. And above all. it has managed 
\n make matlu'inaties about tlie most 
ufipojrular of iill branches of leanmig. 
Kvcii eultivateti men d<'clare (heir ig- 
nor.ince ol matliernatics with a <lefianee 
akin to pride. 

Something li.is to be done to in. ikc 


mathematics more meaningful and more 
exciting. At least three major attempts 
are under way, I shall trv to report 
briefiv the rationale and tactics of their 
approach. 

Their underlying theme is to modern¬ 
ize the subject matter taught—more or 
loss (some want to go modern farther 
than others). Going modern means 
mainlv two things: pruning out dead 
wood and introducing some of the new 
lundamental ideas which within the last 
centurv have given more meaning and 
unitv to all the traditional branches of 
mathematics. 

.\s an example of dead w<H)d one can 


cite (he considerable attention devoted 

in trigonometTN' textbooks to solving tri- 

anglc.s with logarithms. This was the 

onlv mellmd available to surveyors and 
• » 

navigators a C'l'nturs' ago; today tech¬ 
nicians punch out tlic answer in calcu¬ 
lating machines. Also in the categor)' of 
dead wood are some of the classic 
Euclidean “proofs' of geometry; they 
are not reallv proofs at all. Today a 
mathematician attacks these problems 
with the calculns and the idea of limits, 
and anives at tr\ilv rigorous proofs. 

Matliematies as now taught in the 
lower schools and even in college seems 
t<> l)e a c-ollection of separate subjects, 



MODKRN .APPIIO.ACH to hip:h>»c])oo) malhcmatin^ bring iricJ by the Univcrdily of 
lllinoi*. C.onimiiire on Srbool MiithrmalicK. Tlir phologranb^ on nn<l ihr Iwo folloAving 
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Each has its own apparently arbitrary in trigonometry. And it would add some that the sum of hvo even numbers is 

rules, taught by rote. But work on the entirely new courses to the high-school also even. To begin the proof, evenness 

foundation.s of mathematics in the last curriculum. is defined as follows; A number n is even 

century has shown that all the branches Algebra, like geometry, can be re* if and onlv if there is another number p 
of mathematics can be reduced to purely garded as an abstract deductive system, such that n = 2p. The problem is: Given 

abstract terms, %vith common properties. It is built up from a set of undefined that a and b are even numbers, prove 

As numbers are the elements of algebra, primitive notions and a number of as* that a -i- b is even. Bv the definition of 

so points and lines are “primitive” ele* sumed axioms. From these all the other evenness we can say that a = 2x and 

ments of geometr)', and we can deal with rules and facts can be deduced by logical b = 2y. Bv the axiom about adding 

sets of either in the same way-indeed reasoning. The Commission does not pro* eijuals, a -e b * 2x + 2y. The distribu- 

with the same operations. The rules of pose to make high-school algebra purely tive axiom saw that 2x -r 2y = 2 (x 
mathematical logic are universal. These an exercise in abstract deduction, but it y). Since x and y are numbers, x + y is 
basic ideas and logical processes can believes that students should be led to a number. Hence 2 (x y) is an even 
be taught even to school children, the appreciate the deductive nature of alge- number and so a -i- b is even, 
modernists beUeve. In learning them, bra, should learn what the axioms are It may strike a lavman that high- 
students will find mathematics more and how they are used to prove some of sc hool freshmen will be neither attracted 
understandable and more meaningful, the principles. The necessary’ skills in nor edified bv such a laborious proof of 
They will also get at least some ac- manipulating algebraic expressions will a seeminglv obvious idea. There are 
quaintance with modem thinking in be easier to learn when the reasons be- mathematicians who hold the same view, 
mathematics. hind the manipulations are understood. But the proponents argue that in a well- 

What are the “primitive” notions of taught course exercises of this kind mav 
The College Board Program algebra? They are the notions of num- become an intriguing jouniev into the 

ber and of operations such as addition realm of mathematical rigor. 

Foremost among the projects for mod* and multiplication. The axioms likewise 
emizing the teaching of high-school are simple concepts-so simple that they The Theory of SeU 

mathematics is that of the Commission hardly seem to need stating. If a and b 

on Mathematics of the College Entrance are numbers, then a + b is a number. A C'cntral feature eh.it distinguishes 
ExaminaHon Board. This group, set up If a = b and c = d. then a + c = b -I- d the “new" algebra is its use of the^'theory 
in 1955, is preparing a considerable (if equals are added to equals, the sums of sets, one of the most powerful tools 
revision of the high-school courses. Be- are eijual). Then there are the “commu- of modern mathematics. .A set is simply 
cause the Commission represents a tative” laws, a + b = b + a, and a X a group or collection. The books on a 
wide range of views, and because it b « b X a; the “associative” laws. e.g.. shelf, the people in a room, the letters of 
hopes to exert an almost immediate in- (a + b) + c = a + (b + c). and the the alph.ibet, the numbers 1. 2. 3. 4 and 
fluence on every school in the country, "dislribulive" law, a (b + c) * ah -e ac. .5-each of these groups is an example of 
its program is comparatively conserva- Although they may appear mere plati- a set. The set mav have onlv one mem- 
tive. It proposes to change the approach tudes, these mles form a mathematical ber or none at all (in which case it is the 
and spirit of the algebra course without system which underlies all the familiar “empty" set). Or it mav be infinite: c.g , 
altering the content substantially. It is manipulations of elemenfars algebra and all the points inside .• circle, or all the 
revising the geometry course consider* provide.s a foundation for deriving fur- positive integers. Mathcm.aticians cxmi- 
ably. It wants to make certain changes ther principles. Consider the theorem monl\ denote a set bv listing its meni- 



show Max Beberman, director of the project, leaching a board represent spaces for a numeral. The> ore H>cd instead of * 

first-year clan how to solve ccjtialions. The squares on the black- early in the course to make clear the meaning of letters in algebra. 
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bers within braces, e,g., {1, 2, 3, 51. 

There is also a conventional shorthand 
for statements about sets and their mem* 
bers. For example, the statement that 4 
is a member of the set A is written 4 C 
A' that 6 is not a member of the set is 
written 6 C A. To say that A is a subset 
of B they write A C B. The empty set 
is “ 0'\ The letter U denotes a “univer* 
sal*' set—embracing all the members per¬ 
tinent to a particular discussion; for 
example, the universal set for plane ge¬ 
ometry consists of all the points in a 
plane. 

This unfamiliar language may seem 
an undue burden to place on beginning 
students in mathematics, but actually 
with a little practice it soon becomes 
easy to read—considerably easier than 
mastering stenographers shorthand. 

To illustrate the operations on sets 1 
shall mention only three. The union of 
two sets A and B (written AU B) is the 
set consisting of all the members that are 
m A. in B, or in both. Thus the union of 
11,2, 3,41andl2, 3, 4,5|isll.2, 3. 
4,5 !• The intersection of two sets (A fl 
B) is the set of all the elements that are 
common to the two sets. Thus the inter¬ 
section of II, 2, 3, 41 and | 2, 3, 4, 5 | 
is|2, 3, 4j. Finally, the complement of 
a subset A (written A) is all the mem¬ 
bers of the universal set tlial are not in 
the subset; c*g., if the universal set is 
11, 2, 3, 4, 51 and a subset is |2, 3), its 
complement is ] 1, 4, 5 [. These ideas can 
be presented in a graphic way by simple 
figures known as Venn diagrams [see 
page 3/71. 

Set theory helps to lay bare the unity 


of mathematics. Algebra and geometry 
are both concerned with sets—algebra 
with sets of numbers, geometry with sets 
of points. The specific operations in both 
subjects can be considered examples of 
the general set operations of union* in¬ 
tersection, and so on. 

Let us see how the concept of sets 
can help to clarify the notions of a vari¬ 
able and of an equation in algebra. The 
College Board group recommends that 
students be taught first of all that algebra 
deals with sets of numbers and relations 
between them. *rhey would then leam 
that a variable is simply a general name 
for members of a set. As such it can be 
represented by a letter. For example, if 
the set is the series of all the whole num¬ 
bers, then X can be any whole number, 
and X + 1 can be 1 + 1 or 2 + 1 or 
3+1, etc. Further, an equation is a 
statement about, a relationship between 
members of a set. It may be true or false: 
3 + 2 » 5 is true, 3 + 2 == 6 is false, but 
both are statements. If a statement con¬ 
tains letters, it is noncommittal: x + 2 = 
5 is neither true nor false until the place 
held by x is filled with some member of 
the appropriate set. Early in the course 
the students would also leam to work 
with inequalities, using the s)inbols > 
(greater than) and < (less than). 

Now any relation can be regarded as 
a specification for selecting a certain sub¬ 
set from the universal set of numbers un¬ 
der consideration; in set terminology it 
can be called a set '"builder.” Thus if the 
universal set is all the real numbers, the 
relation x + 2 = 5 selects the set [3j, 
or X + 2 > 5 selects the set of all num¬ 


bers greater than 3. The set selected by 
a relation is known as Its solution set. 

The same concept applies to pairs of 
Dumbeis and can deal with an equation 
with two unknowns, conventionally rep¬ 
resented by X and y. Such an equation 
of course has more than one solution. 
For example, the set selected by the 
equation 5x + 3y = 15 includes such 
pairs as (0, 5), (3, 0), (1, 3H). Now 
anyone familiar with coordinate systems 
recognizes this at once as the wedding 
of algebra with geometry: a pair of num¬ 
ber variables (x, y) can define either a 
point or a line [see diagrams on page 
518]. Thinking in terms of sets, a stu¬ 
dent can see the solution of two simul¬ 
taneous equations of algebra is a matter 
of finding the intersection of the two 
solution sets: the solution is the pair of 
numbers that is common to both sets. 

The notion of sets is particularly help¬ 
ful in dealing with inequalities. The 
meaning of an expression such as 5x + 
3y > 15 becomes clearer when it is 
considered as the selector of those pairs 
of numbers (or points) that lie above 
the line 5x + 3y = 15 on a graph. The 
expression x* + y* < 16 selects the 
points inside the circle x- + y^ = 16. 
To “solve* this pair of inequalities simul¬ 
taneously is again a question of finding 
the intersection of their solution sets [see 
the middle diagram tn the second coU 
tinin on page 318]. 

All these are merely examples to illus¬ 
trate the College Board group*s approach 
in its proposed revision of the algebra 
course. Except for the emphasis on 
inequalities, it does not appreciably 



KNCF IS ( ONTIM Kl) IWhrrmnn the tneaninit 

oi r^jujlionK and of llie Uondforrnalionp u>od (o solve llicni. Some 


excerpts: Teacher: “How can we be sure this equation is true?'’ 
Pupil: ‘‘If we repbee the holes by numbers, cr, by numerals, the 
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change the subject matter of the course^ 
but it offers that subject matter in a new 
context. 

The New Geometry 

In geometry the group proposes to 
change the course radically. In the first 
p]dce» it wants to eliminate most of the 
propositions and theorems that students 
are now required to prove, on the 
grounds that the students will already 
have had some training in deductive rea¬ 
soning in the algebra course and that 
many Euclidean proofs can be demon¬ 
strated more easily by other methods. 

The College Board Commission would 
cut down the theorems to be proved 
to about 12, in place of the 100-odd in 
today's geometry books. These 12 would 
provide a sample of how the facts of 
geometry cart be deduced from a set of 
axioms. From them the students would 
develop theorems and facts about trian¬ 
gles, parallel lines, similar triangles and 
6nally the Pythagorean theorem (a tri¬ 
angle is a right triangle if and only if 
the square of the hypotenuse is equal to 
the sum of the squares of the two sides). 
The reason for stopping with the Pytha¬ 
gorean theorem is that it makes possible 
a shift to analytic geometry—that is, alge¬ 
braic solution of geometric problems 
with the help of graphs. The analytic 
methods show the use of solution sets in 
geometry [see diagrams on page 319]. 

Tl)e ^mmission does not propose to 
abandon classical Euclidean proofs en¬ 
tirely. Some problems are in fact easier 
to solve by the Euclidean procedure 


than by the analytic method. Students 
would be encouraged to find and use the 
most effective approach to each problem. 

The recommended short cuts would 
reduce the time needed to cover plane 
geometry to less than a year, and the 
Commission proposes to use the time 
saved to include some solid geometry. 
Students would be encouraged to think 
in three dimensions as well as in two. 
and they would study the important 
theorems of solid geometry, mostly from 
an intuitive point of view. 

In the third year, after elementary al¬ 
gebra and geometry, the mathematics 
course would go on to further work in 
algebra and some trigonometry, with 
emphasis on the mathematical tehavior 
of the trigonometric functions (sine 
cosine, etc.) and their application to 
such problems as the study of vectors 
rather than the solution of triangles. For 
the fourth year the Commission would 
offer students who continued in mathe¬ 
matics two half-year courses. The first, 
called elementary analysis, would deal 
with the idea of relations and functions 
from a more advanced point of view. It 
would investigate the properties of poly¬ 
nomials (algebraic expressions contain¬ 
ing many terms) and of logarithmic, ex¬ 
ponential and trigonometric functions. 
The idea of limits would be introduced 
informally, and students would learn a 
little calculus, t.e., how to differentiate 
and integrate polynomials. In the second 
half of the year there would be a course 
in probability and statistical inference. 
Here a student would learn to deal with 
sets of scattered measurements or obser¬ 


vations by means of statistics. He would 
learn how mathematics is applied to 
processes governed by chance. The 
course would demonstrate some of the 
methods of computing the reliability of a 
sampling program and of measuring the 
statistical significance of results. The 
Commission points out that this material 
is probably more closely related to the 
daily lives of people than any other part 
of mathematics. Also, statistics and 
probability are becoming increasingly 
important in science and industr>'. 

Because most of the topics in the prob¬ 
ability course have never been taught in 
high school, th^ Commission has pre¬ 
pared a new textbook for this course; it 
is already being used in a few schools. 
The book presents the subject first intui¬ 
tively and then from a more formal 
mathematical standpoint. Set theory is 
used extensively in the course. 1 found 
the text readable and interesting and the 
materia] no more difficult than many of 
the traditional topics in advanced high- 
school mathematics. 

The Commission also would like high 
schoob to offer, for students who take 
part in the College Board's Advanced 
Placement Program, a course in calculus 
and anahlic geometr)'—the usual college 
freshman course. 

Such, in brief, is the CoUege Board 
Commission's program for reforming the 
teaching of mathematics in the nation's 
high schools. It is urging schools and 
teachers to try all or any part of its ideas, 
in the hope that the ideas can be tested 
to see which \vill work and which will 
not. It is confident that once students 



two tide* of the equation are both names for the same number.*^ 
Teacher: '^What principles did we use in this operation?*' Pupil: 


*'We used the commutative principle and added, ond we aUo used 
the distributive principle lo combine the 12 square and ITS squorc.** 


ei. 
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IDKA^i Of >ET 1 HfOin \)]»\y <1 major rok in iho Illinoift rourne. 
In (hit* •>ei\uence Ht'brrmon opiilirn thfni to ihf* ■oliitioh o^ t^imub 
larieooj^ *'qu.1tion^ In ihf rruierijl on ihr himkho.ird i and H 


reprr^^ent ih^ of number pair^ bcloni^ing lo the \>^o e<iun- 

lioHA. The solution is their inlersevtion. C and D ^bottom) are 
the «eU formed by the eliminaliott of x and y respectively. 
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have been introduced to the beauty of 
modem mathematics, the subject will 
acquire a new vitality in the schools. 

Although the Commissions program 
is merely a proposal, obviously the Col¬ 
lege Board is in a position to exercise a 
powerful effect on the high schools, 
through its examinations and its close 
relationship with leading colleges. The 
Commission has already begun to reach 
teachers throughout the country by 
means of pamphlets describing phases of 
its work, and it nviH publish its compre¬ 
hensive report this fall. Very probably 
its suggestions will generate the writing 
of radically new textbooks within the 
next couple of years. 

The Illinois Program 

Now let us turn to another approach** 
the program stemming from the Univer¬ 
sity of Illinois, which has had some pub¬ 
lic attention in newspapers. The leading 
spirits of this movement are Max Beber- 
man, a teacher in the University High 
School at Illinois, and Herbert E. 
Vaughan, a mathematician on the Uni¬ 
versity faculty. They have worked out a 
program which goes so far in the direc¬ 
tion of modernism that it makes the Col¬ 
lege Board Commission's program Icx^k 
almost antique. 

The Illinois experiment began at the 
University High School, an adjunct of 
the University's College of Education, in 
1952. It has grown into a four-year pro¬ 
gram which is being tried this year in a 
dozen high schools in Illinois, Missouri 
and Massachusetts, and is also being 
taught to interested employees of the 
Polaroid Corporation in Cambridge, 
Mass. With financing from the Carnegie 
Corporation, the Illinois group has pro¬ 
duced a complete series of textbooks and 
teaching manuals and brings teachers to 
the University for up to a year of ob¬ 
servation and indoctrination in its 
courses. 

The approach to mathematics via ab¬ 
stract generalizations is the very corner¬ 
stone of the Illinois program—not merely 
an exercise in reasoning or a sampling 
of some of the foundations of mathe¬ 
matics. Pupils in the ninth grade begin 
their study of algebra with a set of 
axioms from which they proceed to 
prove all the rules they must master. The 
axioms, culled ''principles of arithmetic,*' 
include such things as the definition of 
zero (any number times zero equals 
zero), the definition of the number 1 
(any number times 1 equals itself) and 
of course the commutative, associative 
and distributive laws. The children are 


led into their rigorous program by easy 
stages, sometimes in story form. For ex¬ 
ample, they learn that a number must 
be distinguished from the symbol used 
to represent it by means of a corre¬ 
spondence behveen Ed Brown, a student 
at '‘Zabranchburg High,” and Paul 
Moore, a pen pal in Alaska. The two 
chums have fallen into the unlikely 
habit of writing each other about arith¬ 
metic. Young Paul advances the reason¬ 
able proposition that if you take 2 away 
from 21, you should be left with 1. Ed 
is startled: is this a joke, or does Paul 
have something? The text straightens 
things out by explaining that *'21” is a 
name for the number, not to be taken 
too literally. It goes on to show that the 
number 21 can be described bv other 
names: e.g., "20 + 1” or "7 X 3.” The 
pupils proceed to leam that a letter can 
stand for a number and that it can be 
given various meanings (t.e., it is a 
"variable” or "placeholder” for a num¬ 
ber). Indeed, the teacher uses blank 
boxes for the unknoNvn numbers in equa¬ 
tions [see photographs on pages 312 and 
313], A large portion of the first- 
year course is devoted to driving this 
point home. The text observes that a 
letter plays the same role in a mathe¬ 
matical statement that a pronoun does 
in ordinary language. The statement "x 
-i- 2 » 6” is like the sentence "He was 
a president of the U. S.” Neither is true 
nor false until a name is put into the 
proper place. The teacher calls the let¬ 
ters of algebra "pronumerals,” and uses 
this term throughout the course. 

A good part of the first year is also 
given to introducing and exploring the 
idea of sets. Because of the long pro¬ 
numeral introduction and the careful 
development of the set concept, the 
course covers less ground than the tra- 
diti 9 nal course in elementary algebra. 

In the second year the program goes 
modem for fair. This course is nothing 
less than "a development of Euclidean 
geometry which is as rigorous as, for 
example, that due to Hilbert, and yet 
which is, we believe, accessible to stu¬ 
dents who have mastered the first 
course.” It attempts to make clear the 
nature of geometry as a pure deducbve 
theory which, in itself, has only logical 
structure and is empty of content until 
specific interpretations are introduced. 
Consider, for instance, three postulates 
which are necessary for deducing the 
rules of Euclidean geometry. These are: 

(I) every line is a set of points and con¬ 
tains at least two points; (2) there are 
three points which do not belong to the 
same line; (3) every two points any- 



A ‘J B 





VENN DIAGRAMS ore simple picioriol 
representations of set relations. Top dia¬ 
gram expresses the idea that H is a subset 
of 4, Shading in second and third diagrams 
indicates the union of A and H. In fourth 
diagram it indicates their intersection. .At 
bottom it represents the comptenieni of 4. 
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-2 -1012 3 4 56 

|x|x + 2 = 5 } 

SETS ARE REPRESENTED geometrically 
m well as algebraically. Dot represenls 
llie set described by equation x + 2 = S. 


I I I I I-1 I »>■«■! i 

-2-10 I 2 3 4 5 6 

{x|x + 2 >5} 

INEQUALITIES aUo describe sets. The 
heavy section of the line in this diagram is 
the inhnile set described by x + 2 ^ 5. 


y 



{x,y|5* + 3v - 15[ 


TWO-VABIAHLE c\prc*%ions describe sets 
gf pairs of nuiiihcr^. I'ohits on this line 
rcjircsrnt pairs belonging to -h 3y = IS. 
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|x, y 5x + 3v > 15| 

SKT'IU II.DLB idea helps give meaning 
l<» ioequalilies. SlinHcd area represents 
hri selerted bj the inequality in brackets. 



{x, y X* + y* < isj 


NUMBER PAIRS that belong to the set 
selected by the inequality appearing above 
are graphed as the points inside a circle. 


y 



|x,y +/< 16|^|j(,yj5x+3y>l5| 


INTERSECTION of sets described by two 
inequalities is represented graphicolly by 
the heavily shaded area in this diagram. 



AB V Uj ^ xil’ + lyj — yd^ 

DISTANCE FORMULA in onalylic geome« 
try appeors under this diagram. Lowcr*casc 
letters are coordinates of end-points of line. 


where are contained in a line. The teach* 
er brings out that the words “point” and 
“line” can be interpreted in various 
ways. The main model used in the course 
is the “number plane,” where points and 
lines are defined in terms of pairs of 
numbers {x, y); the course develops all 
the necessary postulates of plane ge* 
ometry from this model. But to empha¬ 
size that the deductive system can have 
various concrete interpretations, the 
teacher examines several models, includ* 
ing one in which “point” stands for busi¬ 
nessman and 'line” for a partnership. 
The postulates apply here just as they 
do in geometry. Suppose there are three 
businessmen, A, B and C, each of whom 
forms a rivo-man partnership with each 
of the others. Each partnership (AB, AC 
and BC) is a set of businessmen and 
contains at least two members {postu¬ 
late 1). None of the partnerships con¬ 
tains all three businessmen (postulate 
2). Every two businessmen are con¬ 
tained in a partnership (postulate 3). 

I can make a little clearer how the 
teacher and children deal with these 
matters by <|uotmg a recording of a re¬ 
view discussion of postulate systems be¬ 
tween Bebcrman and a bright class: 

Teacher: “^\^le^c do these postulates 
come from?” 

George: "From the number plane.” 

Teacher: “What do )'ou mean b)’ 
that?” 

George: 'They arc properties of the 
number plane.” 

Teacher: “If weVe talking about the 
number plane wlicn we say, for exam¬ 
ple, that each line is a set of |>oints and 
contains at least two points, is that state¬ 
ment true or false?” 

George: “True.” 

Teacher: "But supjwse we are not 
talking about the number plane, Then 
what about these postulates?” 

George: "False.” 

Chorus: "No!!” 

Jim: "You have to give a specific 
meaning to ‘line’ and ‘point* licfore you 
can tell whelhor Ihcv are true or false.” 

Teacher: “What is a ‘moder of a pos¬ 
tulate system?” 

4 

jane: "Something that has the proper¬ 
ties expressed bv ti)c postulates or that 
satisfies the postulates.” 

Teacher: "Suppose there are several 
interpretations for the |>ostulalcs. You 
can be talking about the number plane, 
or about businessmen and corporations, 
or about class presidents and commit¬ 
tees. So what?” 

George: "Well, when vou tr)' to de¬ 
duce a theorem from the postulates, you 
can use a ino<!el to find out in some cases 
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that you can't deduce it because its false 
for that model” 

In the hands of a teacher like Beber- 
man the discussion in a better^than* 
average class is alert and spirited. A leaf¬ 
let put out by the Illinois group asserts: 
*‘High-school students have a profound 
interest in ideas. They enjoy working 
^vith abstractions. . . . Despite the ctir- 
rent fashion to point out the usefulness 
of mathematics in various occupations, 
most high-school students are not genu¬ 
inely stirred by such a ‘sales campaign.' 
The goal of vocational utility is too re¬ 
mote to make much difference to a ninth 
grader. He wants to know how mathe¬ 
matics fits into his own world. And, hap¬ 
pily, that world is full of fancy and 
abstractions. Thus students become in¬ 
terested in mathematics because it gives 
them quick access to a kind of adven¬ 
ture, which is enticing and satisfying.” 

The course is frankly experimental. 
Some of the material has proved too 
time-consuming or too hard to teach. At 
the moment the Illinois group is consid¬ 
ering whether it should postpone some 
<if the rigorous development to the 
fourth year. But Bcberman starts with 
the attitude that you don't know what 
you can teach children until you try. 

It is too early to tell how much the 
pupils eventually get from the course; 
the first gioup is just c-ompleting the 
four-year program this term. But I have 
visited (he University High School class¬ 
room and can testify that the students 
seem to carry their burden cheerfully 
and even enthiisiustically. Tlie big ques¬ 
tion is: How would such a course go 
generally? Some critics concede that it 
may work well with a gifted teacher and 
bright students but strongly doubt that 
the average teacher or the average class 
could handle it successfully. 

The Critics 

There are those who believe that the 
whole approach of the modernists is fun¬ 
damentally wrong. One of the most ar¬ 
ticulate of these critics is Morris Kline, 
a professor at New York University's 
Institute of Mathematical $cienc'cs and 
a popular writer on modern develop¬ 
ments in mathematics. He doubts that 
the abstract approach will get young¬ 
sters interested in mathematics. 

Kline argues that you do not abstract 
until you know what you are abstracting 
from. Professional mathematicians did 
not arrive at an understanding of the 
abstract general features of mathematics 
until after they had explored many of 
its specific branches. Why should a 


schoolboy be expected to? Moreover, 
Kline believes that set theory has no 
place in an elementary curriculum: its 
applications there can only be trivial, 
and even its importance in advanced 
mathematics is overemphasized. 

Kline and others hold that the way to 
stimulate more interest in mathematics 
is to make the teaching more concrete 
rather than more ab$tract-to relate it 
more vividly to problems of the real 
world. Kline would introduce mathe¬ 
matical ideas by means of simple physi¬ 
cal experiments and examples drawn 
from fields such as music and other arts. 
An active advocate of this sort of ap¬ 
proach is the English mathematician and 
teacher W. W. Sawyer, now at the Uni¬ 
versity of Illinois. Sawyer has built a 


C 



let AO ond BE intersect ot P. 
Mofk M and N, mid-points o( AP 
ond BP respectively. 

ED is porollel to AB and equol to 
of it. 

MN ts porollel to AB ond equol to 
Vi of it. 

ED is porollel ond equol to MN. 
MP-DPond EP«NP. 

But AM - MP ond BN - NP. 

P is Vy of the woy from A to D 
ond from B to E. 

By the some construction, using AD 
and CF, their intersection con 
olso be shown to be of the 
woy from A to D. 
the medions intersect in o com¬ 
mon point which divides them in 
the rotio of 2rl. 

Q.E.D. 


number of simple devices which he uses 
to illustrate mathematical ideas [see 
photographs on next page]. 

But the anti-modernists seem to be 
in a losing cause. They are not organ¬ 
ized, nor have they formulated a specific 
program. .Meanwhile the modernist 
movement is spreading rapidly. At the 
college level, a number of colleges have 
adopted a new freshman course de¬ 
signed by a committee of the Mathe¬ 
matical Association of America. The 
course consists of a half year of calculus 
and a half year on modem topics, col¬ 
lectively called “discrete” mathematics. 
It deals with noncontinuous sets (t.e., of 
discrete numbers or objects). This 
branch of set theory is finding increasing 
application in science, particularly social 
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By the rules for writing equotions 
of lines, the equotions of AD, BE 
ond CF ore respectively 
cx + (2o — bly • 2oc 
cx + (2b — oly " 2bc 
2cx + lo + bly » 2oc + ^.bc 

These three equotions hove the 
common solution 
x» % (a-fbl.y» Vyc 

the medions meet in o common 
point. 

Substituting the propercoordinotes 
in the dislonce formulo shows 
thot 

AP • 2PD, BP - 2Pe ond CP - 2PF 
Q.E.D. 


PROOF OF THEOREM (ihc roediom of a triangle meet in a common point which divider 
them in the ratio 2:1) ts done by Euclidean method Heft) and analytic geometry (righii. 
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science, which deals typically with 
groups of persons, units of product, etc. 
Even physics is discrete at the atomic 
level, and matrix algebra, one of the 
topics in discrete mathematics, lies at 
the foundation of cjuuntiim theory'. The 
new college course is intended to give 
liberal arts students a t;u»te of some mod* 
em mathematical ideas and also to ac* 
quaint social science majors with mathe* 
matical technhjues. The text now in most 
common use includes symbolic logic, 
probability, the algebra of vecton and 
matrices, the thc*ory of games and linear 
programming. 

The Teachers 

Mathematics teaching in the nation's 
high schools and elementary schools oh* 
viously will not be changed <jvernight. 
Most teachers are not prepared lo teaci) 


either the modem material or any other 
new scheme. However, the current great 
expansion of teachers' summer institutes 
and in-service courses, financed bv the 
National Science Foundation, private 
corporations and others, is a golden op¬ 
portunity. This summer there will be 10 
university institutes in mathematics, all 
teaching mainly the modem topics. 
Some 40 other universities are offering 
courses in both mathematics and science, 
and most of them are stressing the mod¬ 
ern approach. It appears likely that most 
U. S. high schools will have shifted more 
or less toward the modem approach 
within five years or so. 

Finally I must mention a new project 
which in the long run may have a strong¬ 
er impact on mathematics teaching in 
the U. S. than any of the programs dis¬ 
cussed in this article. It is the School 
Mathematics Study Committee, set up 


by the mathematics department of Yale 
University and pattem<^ after the Phys¬ 
ical Science Studv Committee at the 
Massachusetts Institute of Tcx'hnologv 
described in this magazine (see The 
Teaching of Elementar)’ Physics," by 
Walter C. Michels, Offprint 229]. 
The new group will enlist a large num¬ 
ber of mathematicians and teachers to 
consider mathematics teaching in high 
schools and junior high schools, and very 
likely it will prepare an elaborate pro¬ 
gram of textbooks and other teaching 
aids, as the physical science group is do¬ 
ing. This summer the Committee will 
hold a conference to review the present 
experiments and the whole problem. 
What it will come up with is anyone's 
guess, but in manpower and financial 
support it may well earn* more weight 
than any other group seeking to revital¬ 
ize the teaching of mathematics. 
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WHERE DO COSMIC RAYS COME FROM? 

# 


by Bruno Rossi 


These high-energy particles may come from the 
sun, stars or galactic nebulae. A solution to the 
question would fill in the composition of the universe. 


T he earth is under a ceaseless rain 
of particles from space. These cos- 
mic rays, our only material contact 
with the vast universe outside our plan¬ 
etary system, have excited wonder and 
eager study ever since they were first 
discovered 41 years ago. They fall upon 
us with energies far beyond anything 
til at can be produced on earth. They 
shatter the atoms of matter and make, 
tlicir nuclei explode into strange frag¬ 
ments. It is the investigation of cosmic 
rays that has been responsible for the 
discovery of so many new elementary 
particles in the past <juarter-centur\': the 
positron, the various mesons, the V-par- 
tides and others which arc being dis¬ 
covered even as these lines are written. 
Besides this, cosmic rays are of great 
interest in biology, for by producing mu¬ 
tations in genes they are said to have 
played, and continue to play, a large role 
in the evolution of life on the earth. 

Thus the cosmic ravs have been verv 
useful to science. But the big <juestion 
remains; Wliere do they C'Ofnc from, and 
how do they get their fantastic energy? 

.At six o'clock on the morning of 
August 7, 1912, a balloon took off from 
a field near the Austrian town of Aussig. 
It carried throe men, one of them a 
young physicist named Victor Hess, and 
three sensitive ionisation meters. Hess 
was out to learn something about the 
source? of a certain mysterious r.idiation 
which physicists had been delecting for 
some time with laboratoiy instruments. 
His balloon rose to 16,000 feet, and he 
found the radiation much stronger there 
liian at sea level. After analvzing his 
readings, lie aiinounwd. “The rcsulls of 
inv observations are best expl.lined bv 
the assumption that a radiation of ver)’ 
great penetrating power enters our at- 
inospliere from above. , . 


This was the first recognition of what 
the U. S. physicist Robert Millikan later 
named cosmic radiation. The fascinated 
investigation that ensued concerned It¬ 
self first of all with finding out what the 
cosmic rays were. 

Outside the earth’s atmosphere cosmic 
radiation consists mainly of protons (nu¬ 
clei of hydrogen), varying widely in 
energy. There are few, if any, protons 
of energy below one billion electron 
volts (Bev). Most of them are in the 
range of one to 100,000 Bev. Occa¬ 
sionally a cosmic-ray particle hits the 
atmosphere with much higher energy, 
up to 100 million Bev; it produces a 
gigaiUic shower containing millions of 
particles. For comparison, recall that the 
most jwwerful accelerator made by man, 
the Brookhaven Cosmotron, accelerates 
protons to an energy of a little more than 
two Bev. 

Cosmic rays also contain nuclei of 
hcliunt and of heavier elements. Accord¬ 
ing lo our still incomplete information, 
the vclocit)' range of all the types of 
nuclei is approximately the same. At any 
given velocity, we find approximately 
85 helium nuclei and six heavier nuclei 
for every' 1,000 protons. It is interesting 
to note that the relative abundance of 
the various nuclei in cosmic rays coae- 
spoiids closely to the relative abundance 
of tliose elements in the universe. Long 
before striking our atmosphere and be¬ 
ginning the series of collisions by wliich 
their energy is eventually dissipated, 
cosmic-ray particles arc deflected by the 
earth’s magnetic field. Some of them arc 
tlirown back into space; others reach the 
earth from a direction which may differ 
considerably from their original path. 

Suggestions as to where the cosmic 
ravs inav come from divide themselves 
into two general schools of thought. One 


school holds that the cosmic rays were 
created several billion years ago in a 
tremendous explosion that gave birth to 
the universe; since then they have been 
traveling through space along trajecto¬ 
ries curved by the urriverse’s general 
gravitational field. The trouble with this 
point of view is that it confines the en¬ 
tire problem to the realm of pure specu¬ 
lation. It therefore seems more profitable 
to explore the second hypothesis, which 
is at least theoretically verifiable, This 
point of view assumes that cosmic rays 
are produced continuously somewhere 
in the system of stars which forms our 
galaxy. 

The most attractive theory is that they 
come from the nearest star, our sun, for 
the farther away we place the source, 
the harder it is to account for the rela¬ 
tively heavy intensity of tlie cosmic-ray 
fall on the earth. The energy of this fall 
is very small compared to the energ)' of 
the light and heat we get from the sun, 
but it is comparable to the light from 
the distant stars. 

Correlations between the intensity of 
cosmic radiation and activity in the sun 
have, in fact, been observed. Shortly 
after the appearance of a large flare on 
the sun, there is sometimes a sudden 
burst of extra cosmic radiation at the 
earth. Three such events are on record. 
On November 19, 1949, cosmic-ray 
meters at widely separated stations reg¬ 
istered abnormally high intensities about 
one hour after a solar flare had reached 
its maximum. A detector of cosmic-ray 
neutrons at Manchester, England, went 
off the scale. At Climax, Col., a detector 
of cosmic-ray mesons registered a 180 
per cent increase. 

Solar flares are often followed by i>er- 
turbations of the magnetic field around 
the earth (magnetic storms), which 
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COSMIC PARTICLE earned thi« liny explosion revealed by a pho* 
lotnierograph of a photographic emulsion especially prepared to 
record nuclear events. An exception.any cnerfcelic helium nucleus 


struck a heavier nucleus in the etnulnion. ftivini^ rise to the jet of 
mesons p;oin|; oif to the lower rifUt. These pholoftraph> were pro¬ 
vided hy Hermon Yagoda of the National Institute^ of Health. 


PRIMARY COSMIC PARTICLE entered this emulsion from the 
tipper left and shattered a nucleus into about 40 nucleons and 
mesons. Some of (he particles went off at large angles to the plane ol 
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could conceivably modify the flux of 
cosmic rays reaching the earth even if 
they came from another source. But the 
rise just mentioned is much too large to 
be explained in this manner. It is difficult 
to escape the conclusion that on Novem¬ 
ber 19, 1949 (and on two similar occa¬ 
sions) the earth was struck by a par¬ 
ticularly intense burst of cosmic rays 
emitted directly from the sun. 

This does not necessarily mean that 
the sun is the sole source of cosmic rays. 
If they came only from the sun, their 
intensity should vary markedly with the 
position of the sun in the sky. Experi¬ 
ments have shown, however, that the 
variation during the day’s 24 hours is 
less than half of one per cent. Of 
course, the earths magnetic field makes 
cosmic-ruy particles of moderate energy 
describe very complicated trajectories 
and it thus produces a more or less ran¬ 
dom distribution in their direction of 
arrival, Bui the magnetic field has no 
appreciable effect on particles of higher 
energies, and yet they loo appear to ar¬ 
rive with almost ecjual intensity from all 
parts of the sky. 

answer this objection, Edward 
Teller of the University of California 
has suggested that in the region of space 
surrounding the sun there may exist ir¬ 
regular magnetic fields of sufficient 
strength to prevent or greatly retard the 
escape of cosmic rays. This trapping 
field would scatter cosmic-ray particles 
back and forth for some lime, destroying 
anv original preferred direction of mo¬ 
tion. Only on rare occasions would a 
cosmic-rav beam arrive at the earth di¬ 
rectly, as, for example, following the up- 
poarancx* of solar flares, 

The Swedish astrophysicist Haunes 
Alfven has proposed a possible mecha¬ 
nism to ac-count for the magnetic fields 
jX)slulated by Teller. It is well known 
that when a cxjudiictor moves in a mag¬ 
netic field, electric cunents arc induced; 
these tend to slow down the motion and 
at the same time prorlucc a supplcmon- 
tarv' magnetic field. Thus kinetic energy 
is exchanged for magnetic energy. Now 
it is known that the sun continuously 
ejects clouds of ioni7.ed and therefore 
highly conducting gas. The clouds move 
outward with tremendous velocities, 
sometimes approaching one per cent of 
the velocity of light. In passing through 
the sun’s magnetic field a cloud trans¬ 
forms part of its kinetic energy into 
magnetic energy, and the magnetic field 
thus j)roduced is carried along by the 
cloud m its motion awav from the sun. 

But even if some such mechanism ac¬ 


counts for the dispersed trajectories of 
particles coming from the sun, the ques- ^ 
tion of how much that body actually 
contributes to the observed cosmic-ray 
flux is stiU open. Most physicists agree 
that the sun cannot produce any appre¬ 
ciable fraction of the more energetic 
particles. In the first place, the radiation 
observed on the occasion of solar flares 
contains only particles of moderate en¬ 
ergy. This is proved by the fact that the 
intensity docs not rise at the equator, 
where ^e energy necessary to penetrate 
the earths magnetic field is highest 
(about IS Bev for protons). Moreover, 
the trapping field could not be suffi¬ 
ciently strong to keep particles of the 
highest observed energies confined to 
the vicinity of the solar system. It is per¬ 
fectly possible, however, that cosmic- 
ray particles of energies below 10 Bev 
come in part from the sun, and the next 
question to be considered is the way in 
which they may be produced. 

Targe-scale electromagnetic phenomena 
^ are a part of the sun’s activity. One 
can imagine various situations in which 
such phenomena could accelerate any 
charged particles present in the solar at¬ 
mosphere. A specific process, still re¬ 
garded as a possible source of cosmic 
rays, was suggested by W. F. G. Swann 
20 yean ago. 

The sun’s surface is often marked by 
the disturbances called sunspots, which 
cover areas many thousands of miles in 
diameter, A sunspot, seen as a dark re¬ 
gion on the sun’s disk, is the seat of a 
magnetic field which increases gradual¬ 
ly in strength as the spot develops and 
then decays as the spot fades. A chang¬ 
ing magnetic field produces an electric 
field, according to the well-known laws 
of electromagnetic induction. That is the 
basic principle of operation of the beta¬ 
tron, a machine capable of accelerating 
electrons to energies of several hundred 
million electron volts. One may crudely 
describe a betatron os a transformer in 
which the secondary winding has been 
replaced by un evacuated tvibe shaped 
like a doughnut and containing a source 
of electrons. As the magnetic flux in¬ 
creases. the electrons are set in motion 
by the induced electric field, while the 
magnetic field itself obliges the elec¬ 
trons to follow a circular path inside the 
doughnut. 

According to Swann’s h)pothesis, a 
sunspot operates like a gigantic natural 
betatron. (Note, however, that the beta¬ 
tron had not yet l>ecn developed when 
this hypothesis was first advancs'd.) Ions 
of hydrogen and of other elements in 




BETATRON EFFECT of the increasing 
magnetic field of a sunspot (colored lines) 
causes particles to accelerate in a spiral. 

the sun s atmosphere are caught, so to 
speak, in the electromagnetic vortex of 
the sunspot. They speed along spiraling 
paths with increasing velocities and are 
finally projected into space like stones 
from a slingshot. The magnetic fields of 
sunspots could accelerate protons and 
heavier nuclei up to energies of the or¬ 
der of 10 Bev. 

Donald Menzel and W, W. Salisbury, 
when they were working together at 
Harvard University, proposed a different 
mechanism for the acceleration of cos¬ 
mic-ray particles in the neighborhood of 
the sun. They based their speculation on 
the assumption that the sun emits radio 
waves of very large wavelength. Pre¬ 
sumably these waves arise from mechan¬ 
ical turbulence in the highly ionized 
gases that form the solar atmosphere. 
Any charged particle which finds itself 
along the path of a wave is accelerated 
by the electric field of the wave in a 
direction at right angles to the path of 
the wave. However, as soon as the par¬ 
ticle acquires some velocity, the mag¬ 
netic field associated with the wave de¬ 
flects the particle in a forward direction. 
By this means a particle may build up 
an energy of 10 or 100 Bev. Since the 
particle always lags behind the wave, it 
will find itself after a while in a position 
where the electric field of the wave is 
opposite to its velocity' and it will begin 
to lose the energy it has accumulated. 
But if the wave field is disturbed at the 
right moment, as could easily happen 
under solar conditions, the particle might 
esca{>e with its maximum energy. 

These rivo theories have a common 
difficulty. The space around the s\in 
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contains strongly ionized gases and is 
therefore a good conductor of electricity. 
One cannot produce a strong electric 
field in a conducting medium, just as one 
cannot produce a high voltage with a 
transfonner whose secondary winding is 
short-circuited. What the theories must 
provide, therefore, is some mechanism 
by which a suitable region of space is 
swept clean of the ionized gas before 
the particles are accelerated, 

A I'eanwhile, since it is unlikely that 
the sun contributes more than a 
modest fraction of the total cosmic ra¬ 
diation observed at the earth, we must 
continue to look for other possible 
sources of cosmic rays. If wc are to keep 
the required strength of the cosmic-ray 
sources within reasonable limits, we 
must assume that the particles originate 
inside our galaxy, the Milky Way. Ac¬ 
cording to the best estimate, the Milky 
Way contains approximately 100 billion 
stars, most of them confined to a flat 
volume shaped roughly like a grind¬ 
stone. The diameter of the galaxy is 
about 100,000 light years, its thickness 
about 1,500 light years. In the space be¬ 
tween stars lliere are enormous wander¬ 
ing clouds of gas, mostly hydrogen. If 
the gas of the clouds were distributed 
uniformly throughout the galaxy, its 
iicnsity would be about one atom per 
cubic centimeter. Despite thi.s extreme 
dilution, the total amount of matter in 
the clouds is approximately e<jual to tlic 
amount of mutter in the stars. In addi¬ 
tion to the cloiuls of gas, there are clouds 
of dust whose total mass is about one 
per ct'nt that of the stars. 


A question hotly debated among as¬ 
tronomers at present is whether mag¬ 
netic fields exist in the galaxy. From the 
theoretical point of view, one would ex¬ 
pect the wandering gas clouds to carry 
with them magnetic fields created at the 
expense of their kinetic energy. From 
the experimental side, it is known that 
the light of distant stars is partly polar¬ 
ized, and it is generally assumed that 
this polarization occurs when the light 
passes through dust clouds made of mi¬ 
croscopic elongated grains oriented in 
certain preferred directions. A magnetic 
field provides a natural explanation for 
the orientation of the dust particles. 
However, there are other possible ex¬ 
planations, and we still lack conclusive 
astronomical evidence for the existence 
of magnetic fields in interstellar space. 

This question is of very great im¬ 
portance in the interpretation of cosmic 
rays. If there is no magnetic field, cos¬ 
mic-ray particles travel along straight 
lines through the Milky Way until they 
escape or collide with nuclei of hydro¬ 
gen in interstellar matter. A proton has 
about one chance in 500 of undergoing 
a collision on traversing the whole gal¬ 
axy; the heavier particles have a some¬ 
what greater collision probability. Since 
the sun is situated in the median plane 
of the galaxy about 30,000 light years 
from its cimter, one would expect that, 
in the absence of magnetic fields, cosmic 
ravs should reach us at different intensi- 
ties from different directions. A larger 
fraction of the cosmic radiation should 
come from the direction of the center. 

Nothing of the sort has been ob¬ 
served; the intensity of cosmic radia¬ 


tion from the different regions of the 
sky does not vary by more than a frac¬ 
tion of one per cent. This uniformity 
suggests very strongly that magnetic 
fields are operating to produce a random 
distribution of cosmic rays in space. In¬ 
deed, the cosmic-ray evidence is per¬ 
haps the strongest argument presented 
so far for the existence of these fields. 

One may assume that comparatively 
strong fields exist inside the gas clouds, 
while the space between clouds is al¬ 
most completely field-free. Then a cos¬ 
mic-ray particle travels a straight path 
until it strikes a cloud. Once inside the 
cloud, it describes a complicated orbit 
and eventually emerges with practically 
no recollection of the original direction 
of its motion. According to this model, 
cosmic rays scatter back and forth be¬ 
tween clouds, and it may take a particle 
produced near the median plane a very 
long time to reach the border and escape 
into intergalactic space. Some particles 
would never do so; they would come to 
the end of tneir lives by colliding wit!) 
atomic nuclei of interstellar hydrogen. 

The composition of cosmic rays offers 
an im]>ortant clue as to the extent to 
which cosmic rays may be trapped with¬ 
in the Milky Way. When an alpha par¬ 
ticle or a heavier nucleus collides with a 
nucleus of interstellar hydrogen, it 
breaks up largely into free neutrons and 
protons. Free neutrons change into pro¬ 
tons with a mean life of about 20 min¬ 
utes. Thus every collision of an alpha 
particle or heavier nucleus produces sev¬ 
eral protons, and these protons have ap¬ 
proximately the same velocity as the 
original particle. Wc know how many 



* 


T 

* . 1 


f ^ 





AlOlt^ ON MOONT ^ RAN(»KI,L in i^outlienMrrn .Mns- 
kji lliis ^uiiifnrr by ^r\s York t*nivcr<ily and ihc 


Univeri^ity of Alaska. Its nhitude (14,000 feet) and latitude (62 de¬ 
grees North) make it a unique station for the study of cosmit ray>. 




327 


Rossi / WHERE DO COSMIC RAYS COME FROM? 


alpha particles and heavier nuclei are 
present in cosmic rays and how far they 
travel, on the average, before colliding. 
If we assume that these particles never 
escape from the galaxy, we can com¬ 
pute the number of protons thus pro¬ 
duced. We find that this number is more 
than enough to account for all of the 
protons in cosmic rays, even if we as¬ 
sume that no protons are accelerated 
directly by the mechanism responsible 
for production of the other components. 

In short, our observations prevent us 
from assuming either that cosmic rays 
escape freely from the galaxy (because 
that is contrary to their distribution) or 
that they are completely trapped (be¬ 
cause that is contrary to their composi¬ 
tion). But there seems to be no serious 
objection to the assumption that they are 
partly trapped. Their distribution can 
be accounted for if the mean life of the 
particles before escape from the galaxy 
is of the order of several million years, 
and in that period a large fraction of 
tlie heavier nuclei would avoid disinte¬ 
grating collisions (on the average an al¬ 
pha particle, for example, collides with 
another particle once in 170 million 
years). 

T t is reasonable to suppose that in most 
stars particles are accelerated by 
processes similar to those which take 
place in the sun. If all cosmic rays orig¬ 
inate from stars, the average star in the 
galaxy must produce several million 
times more cosmic radiation than the 
sun, and some stars must eject particles 
of very much higher energy, to account 
for the radiation we receive. We know. 


as a matter of fact, that the sun is a 
comparatively inactive star. It is possible 
that the bulk of the radiation may come 
from a few types of stars with special 
characteristics. Double stars, whose rivo 
partners possess strong magnetic mo¬ 
ments and revolve rapidly around a com¬ 
mon center of gravity, and variable stars, 
whose exceedingly strong magnetic fields 
appear to reverse direction in a period 
of a few days, have been singled out as 
important cosmic-ray sources. But the 
most prominent candidates of all are the 
supemovae. 

Supemovae are gigantic explosions. 
One occurs every few hundred )ears in 
our galaxy. The explosion releases an 
amount of energy perhaps eijuivaleiit to 
the total mass of the sun. According to 
some theories, a star bursts into a super¬ 
nova when it has exhausted its supply 
of hydrogen (the fuel that keeps the star 
hot) and its rotational velocity has 
dropped below a critical level. At this 
point gravitational attraction, no longer 
balanced by centrifugal force or by in¬ 
ternal pressure, causes the star to col¬ 
lapse until its core is just one enormous 
lump of nuclear matter. The star blows 
up in a tremendous explosion whose 
products arc mainly nuclei of the heavy 
stable elements. It is possible that cosmic 
rays are secondaiy products of this out¬ 
burst. In the initial phase of the explo¬ 
sion lumps of nuclear matter much 
heavier than the nuclei of anv of the 
ordinary elements may be thrown into 
space with velocities approaching the 
speed of light. These fragments would 
be highly unstable and would disinte¬ 
grate, ejecting protons, alpha particles 


and otlier nuclei. The ejected particles, 
with energies further increased bv elec¬ 
trostatic repulsion of the highly charged 
fragment from which they originated, 
would form the cosmic radiation. Even 
if cosmic rays were produc-ed entirely in 
instantaneous bursts, several hundred 
years apart, we should still expect the 
observed cosmic ray intensity to be con¬ 
stant, because the particles presumably 
circulate in the .Milky Way for millions 
of years. 

Lyman Spitzer of Princeton Univer¬ 
sity has suggested another idea. Dust 
particles in the neighborhood of a su¬ 
pernova. accelerated by the pressure of 
the tremendous light flash that accom¬ 
panies the outburst, might break up into 
cosmic rays upon colliding with nuclei 
of hydrogen in space. This proc-ess d<H-s 
not account very well for the production 
of particles with energies above several 
billion electron volts. 

.•Ml the theones amsidered so far have 
one feature in common: they assume 
that cosmic-ray particles attain their full 
energy' in a very short tune, through 
some violent process ocoumng either in 
a star or in the immediate neighborhcKHi 
of a star. One must also consider the al¬ 
ternative {sossibihty th.it these p.irticles 
are not energetic to start with hut ac- 
ijuire their high energy gradually b\ the 
action of extended electromagnetic fields 
as they travel through space. .\ii accvl- 
eration mechanism of this kind has been 
suggested by Enrico Fermi, who |X)ints 
out th.it energy is exchanged whenever 
cosmic-ray particles collide with cas 
clouds. When a particle collides witii a 
cloud coming toward it, it bounces off 
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with increased energy; when it collides 
with a receding cloud, it loses energy. 
On the average, a particle obtains a small 
net gain of energy, largely because the 
number of head-on collisions is slightly 
greater than the number of overtaking 
collisions. This energy gain is propor¬ 
tional to the energy of the particle at any 
given moment. Therefore the particle 
energy increases exponentially with 
time, like a savings account. 

The Fermi mechanism is effective 
only if the average energy gain per col¬ 
lision with a cloud is greater than the 


energy loss by ionization in interstellar 
matter between collisions. Since the en- 


ergy gain increases and the energy loss 
decreases with increasing particle ener¬ 


gy, this requirement sets a lower limit 
to the energy of the particles that can 
be further accelerated. In other words, 
particles must be shot into space with 
more than a certain energy, which is 
different for different kinds of particles. 
Fermi estimated that the minimum in¬ 
jection energy is about 200 million elec¬ 
tron volts for protons, about one billion 
for alpha particles, and about 20 billion 
for oxygen nuclei and increasingly larger 
for the heavier nuclei. 


The large value of the injection en¬ 
ergy re(juired for the heavier compo¬ 
nents makes it difficult to understand 


how these can be present with any ap¬ 
preciable intensity. Moreover, alpha par¬ 
ticles and the heavier nuclei collide with 
interstellar hydrogen much more fre- 
(juenlly than protons do. Therefore they 
have a smaller chance of gaining large 
amounts of energy through the sug¬ 
gested acceleration mechanisms. Thus 
Fcnni s original theory, which assumes 
a complete trapping of the particles in 
the galaxy, docs not account for the fact 
that the energy distribution of alpha par¬ 
ticles and heavier nuclei in the c'osmic 
radiation is similar to that of protons. 


O ne may possibly find a way out of 
these difficulties by the assumption, 
iilreadv made earlier in this article, that 
the cosmic-ray particles arc only partly 
trapped, so that their mean life in the 
galaxv is determined primarily by their 
probability of escape rather than by their 
probability of collision. The mean life of 
protons, alpha particles and heavier nu¬ 
clei is then a[)pToximatcly tlie same, and 
their energy distribution is likewise ap¬ 
proximately the same. 

'I'he energy spectrum of particles ac- 
cvleratecl liv V eniii's mi^chanism de¬ 
pends on the product of the mean life 
and the average energy gain per umt of 
time. Since, by assuming only partial 
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trapping, we have decreased the esti¬ 
mated lifetime, we must corresponding¬ 
ly increase the estimate of the energy 
gain. This decreases the re<iuired injec¬ 
tion energies and thus makes the Fermi 
mechanism more plausible for the heavy 
nuclei. 

At present no h)'pothcsis about the 
origin of cosmic rays is unccjuivocally 
supported by theory or experiment. 
What is worse, few of the many hypoth¬ 
eses til at have been put forxvard can be 
definitely disproved. I favor the follow¬ 
ing general picture: The sun and the 
other stars eject protons and nuclei of 
heavier elements at energies compara¬ 
ble to those now attained by man-inadc 
accelerators. They do so bv an electro- 
magnetic process or a combination of 
such processes. Some stars may be un¬ 
usually strong sources of the particles. 
The particles then diffuse through inter¬ 
stellar space, being trapped within the 
galaxy by irregularly distributed mag¬ 
netic fields for an average of several 
million years. During their random mo¬ 
tion they undergo further acceleration 
through some mechanism of the kind 
suggested by Fcmii. 

One can think of several investiga¬ 
tions to test this thoroughly tentative 
picture. The fact that cosmic radiation 


contains no protons with less than about 
one billion electron volts may be an im¬ 
portant clue. It would be interesting to 
know whether low-energy protons arc 
also absent from the solar radiation that 
reaches the earth after flares. The lack 
of high-energy electrons and photons in 
cosmic rays needs investigation. Colli¬ 
sions of cosmic-ray particles with inter¬ 
stellar hydrogen produce pi mesons, 
which then decay into mu mesons, 
which then decay into electrons. They 
also produce neutral mesons, which de¬ 
cay into photons. Thus some electrons 
and photons should be present in the 
cosmic radiation, even if these particles 
are not produced at the source. They 
may have escaped detection thus far 
only because their number is small. 

The magnetic field of the galaxy can¬ 
not effectively trap particles beyond a 
certain energy. Tlius there should be a 
high-energy cut-off in the energy spec¬ 
trum of cosmic rays. If this cut-off could 
be determined experimentally, it would 
afford valuable evidence on the strength 
of the magnetic fields in the galaxy. 

There is little doubt that cosmic-ray 
research eventually will contribute as 
much to our knowledge of the universe 
as it has contributed to our knowledge 
about particles and nuclear forces. 
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THE RED-SHIFT 


by Allan R. Sandage 


The redness, and presumably the speed of recession, of most galaxies 
increases regularly with distance. The most distant galaxies observed 
appear to depart from this law, a fact of deep meaning for cosmology. 


I n the nature of things it is a delicate 
undertaking to try to discern the 
genera] structure and features of a 
universe which stretches out farther than 
we can see. For more than a quarter 
of a century both the theoreticians and 
the observers of the cosmos have been 
making exciting discoveries, but the 
points of contact between the discoveries 
have been few. The predictions of the 
theorists, deduced from the most general 
laws of physics, are not easy to test 
against the real world—or rather, the 
small portion of the real world that we 
can observe. There is, however, one solid 
meeting ground behveen the theories 
and the observations, and that is the ap¬ 
parent expansion of the universe, Other 
inspects of the universe may be interpret¬ 
ed in different ways to fit different 
theories, but concerning the expansion 
the rival theories make unambiguous 
predictions on which they will stand or 
fall. There is now hope that red-shift 
measurements of the universes expan¬ 
sion with the 200-inch telescope on Pal- 
omar Mountain will soon make it possi¬ 
ble to decide, among other things, 
whether wc live in an evolving or a 
steady-state universe. 

Let us begin by considering just what 
issue the measurements seek to decide, 
as between the two principal competing 
theories in modem cosmology. The 
steady-state theory says that the universe 
has been expanding at a constant rate 
throughout an infinity of time. The evolu¬ 
tionary theory, in contrast, implies that 
the expansion of the universe is steadily 
slowing down. If the universe began with 
an explosion from a superdense state, its 
rate of expansion was greatest at the be¬ 
ginning and has been slowing ever since 
because of the opposing gravitational at¬ 
traction of its matter, which acts as a brake 
on the expansion—much as an anchored 


elastic string attached to a golf bail would 
act as a brake on the flight of the ball. 

Now in principle we can decide 
whether the rate of expansion has 
changed or not simply by measuring the 
speed of expansion at different times in 
the universe s histoiy. And the 200-inch 
telescope permits us to do this. It covers 
a range of about two billion years in 
time. Wc sec the nearest galaxies as they 
were only a few million years ago, while 
the light from the most distant galaxies 
takes so long to reach us that we see 
them at a stage in the universe s history 
going back to one or two billion years 


ago. If the explosion theory is correct, 
the universe should have been expand¬ 
ing at an appreciably faster rate then 
than it is now. Since the light we are re¬ 
ceiving from the distant galaxies is a 
flashback to that earlier time, its red- 
shift should show them receding from 
us faster than if the rate of expansion had 
remained constant. 

^phe red-shift is so basic a tool for test- 
^ ing our notions about the universe 
that it is worthwhile to review how it 
was discovered and how it is used. 

An astronomer cannot perform experi- 
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mcnts on the objects of his study, or 
even examine them at first hand. All his 
information rides on beams of light from 
outer space. By sufficiently ingenious in¬ 
struments and equally ingenious inter¬ 
pretation (wc hope), he may translate 
this light into information about the tem¬ 
peratures, sizes, structures and motions 
of the celestial bodies. It was in 1888 
that a German astronomer, H. C. Vogel, 
first demonstrated that the spectra of 
stars could give information about mo¬ 
tions which could not otherwise be de¬ 
tected. He discovered the Doppler ef¬ 
fect in starlight. 

The Doppler c0ect, as every physics 
student knows, is a change in wave¬ 
length observable when the source of 
radiation (sound, light, etc.) is in mo¬ 
tion. If it is moving toward the observer, 
the wavelength is shortened; if away, the 
waves are lengthened. In the case of a 
star moving away from us. the whole 
spectnim of its light is shifted toward 
the red, or long-wave, end. 

This spectrum, made by means of a 
prism or difiraction grating which 
spre.ads the light out into a band of its 
component colors, is usually not con¬ 
tinuous. Certain wavelengths of the light 
are absorbed bv atoms in the stars at- 

4 

mosphcrc. For example, most st.irs show 
strong absorption, by calcium atoms, at 
the wavelengths of 3933.664 and 3968.- 
470 Angstrom units. (An Angstrom unit 
is a hundred-millionth of a centimeter.) 
The absorption is signaled by dark lines 
in the spectrum, known in this case as 
the K and II lines of calcium. Now if a 
star is moving away from us, these lines 
will be displaced toward the red end of 
the spectnim. In the spectrum of the 
star known as Delta Leporis, for in- 
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length at rest, and multiplying by the many of the large observatories in the 
speed of light (300,000 kilometers per world spent a major part of their time 
second) we get the speed of the star— during the early part of this century 

in this case 99 kilometers per second, measuring the velocities of receding and 

The calculation on the basis of displace- approaching stars in our galaxy. At first 

ment of the H line gives the same figure, it was a work of pure curiosity, no one 

E<|nipped with this powerful tool, suspecting that it might have any hear¬ 
ing on cosmological theories. But in the 
I 1920s V. M. Slipher of the Lowell Ob¬ 
servatory made a discovery which was 
to lead to a completely new picture of 
the universe. His measurements of red- 
shifts of a number of ^"nebulae” then 
thought to lie in our galaxy showed that 
they were all receding from us at phe- 
nomenal speeds—up to 1,800 kilometcis 
per serand. Edwin P. Hubble at Mount 
Wilson soon established that the 
‘'nebulae'* were systems of stars, and he 
ISd^lr^ t? went on to measure their distances. The 

methml he used was the one developed 
Harlow Shaplcy, employing Cepheid 
variable stars as the yardstick. Shapley 
i had fo\ind a way to measure the intrinsic 

11 brightness of these stars, and therefore 

AJ their distance could be estimated from 

If i their apparent brightness by means of 

* [^|D ' ^hat the intensity of light falls 

off as the stjuarc of the distance. Hubble 
^ observed that the gahixies nearest our 

system, including the Great Nebula 
in Andromeda, contained Cepheid vari- 
aides, and when he computed their dis- 
tancos he came out with the then 
*Br astouiuling figvirc of about one million 

I light-years! He next tackled the problem 

of finding the distances of Slipher’s 
nebulae. Since variable stars could not 
‘ be detected in them, he u.sed their 
hrighle.sl stars as distance indicators in- 
VfJM stead. He found that these nebulae were 
at distances ranging up to 20 million 
; '•’} light-years from us, and what was more 
. I remarkable, their velocities increased in 

I strict proportion to their distances! 


stance, the K line of calcium is displaced 
1.298 Angstroms toward the red. As¬ 
suming the displacement is due to the 
Doppler effect, it is a simple matter to 
calculate the velocity of the star's re- 
ceding motion. Dividing the amount of 
the displacement by the normal wave- 


1 Tubble made tlie daring conjecture 
' * that the universe as a whole was 
exp,uuling. He predicted that more re¬ 
mote galaxies would show larger red- 
shifts, still in proportion to their dis¬ 
tance. To test Hubble’s speculation, Mil¬ 
ton L. Humason began a long-range pro¬ 
gram of spectral analysis of more distant 
galaxies with the 100-inch telescope on 
Mount Wilson. In these faint galaxies it 
was no longer possible to distinguish 
even the bright stars, and so the relative 
brightness of the galaxy as a whole had 
to be taken as the measure of distance. 
That i.s, a galaxy one fourth as bright as 
another was assumed to be twice as far 
awav. Hubble reasoned that while indi- 
vidual galaxies might deviate from this 
rule, statistically the population of galax¬ 
ies as a whole would follow it. The prin- 
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ciple is still the basis of distance de- 
tenninations today. 

Humason laboriously photographed 
spectra of galaxies, and Hubble meas¬ 
ured their apparent brightness, from 
1928 to 1936, when they reached the 
limit of the 100-inch telescope. The his¬ 
tory of the red-shift program in those 
years is a story of extreme skill and pa¬ 
tience at the telescope and of steady im¬ 
provement in instrumentation. It was a 
long and difficult task to photograph 
spectra then; the prisms used required 
long exposures, and it took 10 nights or 
more to obtain a spectrum which with 
modern e([uipment can be recorded in 
less than an hour today. The improve¬ 
ment in equipment includes not only the 
200-inch telescope but also diffraction 


gratings, faster cameras and a vast im¬ 
provement in the sensitivity of photo¬ 
graphic plates, thanks to the Eastman 
Kodak Company. Astronomers the world 
over, and cosmology, owe a large debt 
to the Eastman research laboratories. 

Humasons first really big red-shift 
came early in 1928, when he got a spec¬ 
trum of a galaxy called NGC 7619. Hub¬ 
ble had predicted that its velocity should 
be slightly less than 4,000 kilometers per 
second: Humason found it to be 3,800. 
By 1936, at the limit of the 100-inch tele¬ 
scope's reach, they had arrived at a 
cluster of galaxies, called Ursa Major 
No. 2, which showed a velocity of 40,- 
000 kilometers per second. All the way 
out to that range of more than half a 
billion light-years the velocity of galax¬ 


ies increased in direct proportion to the 
distance. In a sense this was disappoint¬ 
ing, because the various cosmological 
theories predicted that some change in 
this relation should begin to appear 
when the observations had been pushed 
far enough. Further exploration into thd 
distances of space had to await the 
completion of the 200-inch Hale tele¬ 
scope on Palomar Mountain. 

In 1951 the red-shift program was re¬ 
sumed, with a new spectrograph of great 
speed and versatility placed in the big 
telescope’s prime focus cage, where the 
observer rides with his instruments. The 
spectrograph has to be of very compact 
design to fit into the cramped space of 
the cage. The photographic plate itself, 
mounted in the middle of a complex 
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at the n^lr. l.ine I) is a Alo.<d>>>tnte universe. If the line fall' 


to the left of C, the expansion must slow down. If it falls between 
C and H, the universe is open and infinite. If it falls to the left of 
B, the universe is closed and finite. If it falls on B. it is Euclidean 
iind infinitr. A is the trend suggested by the six faintest clusters. 
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optica] arrangement, is only IS milli¬ 
meters (about half an inch) on a side. 
The cutting and handling of such small 
pieces of glass in complete darkness 
(to avoid exposure of the plate) is a 
tricky business. The spectrum recorded 
on the plate is a tiny strip only a fifth 
of an inch long, but it is long enough 
to measure red^shifts to an accuracy 
of better than one half of 1 per cent. 

The most distant photographable 
galaxies are so faint that they are not 
visible to the eye through the telescope: 
they can be recorded only by extended 
exposure of the plate. The observer 
guiding the telescope must position the 
slit of the spectrograph by reference to 
guide stars within the same field as the 
distant object Another great difficulty in 
recording the red-shift of extremely dis¬ 
tant galaxies arises from the magnitude 
of the shift. The displacement of the 
calcium dark lines toward the red is so 
large that the lines move clean off the 
sensitive range of blue photographic 
plates, which astronomers like to use be¬ 
cause of their speed. So slow panchro¬ 
matic plates must be used, and Humason 
has been forced to return to exposure 
times as long as 30 hours or more. 

The other part of the program- 
measuring the distances of the galaxies— 
also has been helped by improvements 
in technique. For measurement of their 
brightness the Mount Wilson telescopes 
employ photomultiplier tubes, which 
amplify the light energy by electronic 
means. Such equipment was not availa¬ 
ble for the 200-inch telescope when the 
present program began. Instead the in- 
tensit)' of the light from very faint gal¬ 
axies was measured by a tricky method 
which compares it with that of stars of 
kno^vn magnitude. No direct comparison 
can be made, of course, between the pic¬ 
ture of a star and that of a galaxy or 
cluster of galaxies, because the star is a 
point source of light while n galactic 
system is a spread-out image. To make 
the images comparable, a region of the 
sky is photographed with a ''jiggle** cam¬ 
era which moves the plate around so 
that the images of stars and of galaxies 
are smeared out in squares [see photo^ 
graph at bottom of page 330]. They 
can then be compared as to brightness- 
just as one may use color cords to find 
a match to the color of a room. 

T Tumason has now measured red-shifts 
of remote clusters of galaxies with 
recession velocities up to 60,000 kilo¬ 
meters per second. Wliat do they show? 

Is the velocity still increasing in strict 
proportion to the distance? 


The information about 18 of the faint¬ 
est measured clusters is given in the ac¬ 
companying chart [see chart on page 
336]. The velocities are plotted against 
their apparent brightness, or estimated 
distances. If velocity increases in di¬ 
rect proportion to the distance, the ob¬ 
served velocity-distance relation should 
be ‘'linear' (i.e., follow a straight line). 
But as the chart shows, the very faintest 
clusters have begun to depart from that 
line. These clusters, about a billion light- 
years away, are moving faster (by al^ut 
10,000 kilometers per second) than in 
direct proportion to their apparent dis¬ 
tance. In other words, the data would 
be interpreted to mean that a billion 
years ago the universe was expanding 
faster than it is now. If the measure¬ 
ments and the interpretation are cor¬ 
rect, this suggests that we live in an 
evolving rather than in a steady-state 
universe. 

The observed change In the curve 
buys us much more information. To be¬ 
gin with, it tells us something about the 
mean density of matter in the universe. 
The rate at which the expansion of the 
universe is slowing down (if it is) de¬ 
pends on the mean density of its matter: 
the higher the density, the greater the 
braking effect. The amount of departure 
from linearity indicated by the measure¬ 
ments thus far calls for a mean density 
of about 3 X 10”^® grams of matter per 
cubic centimeter (about one hydrogen 
atom per five quarts of space). Now this 
amounts to about 300 dmes the total 
mass of the matter estimated to be con¬ 
tained in galaxies: that figure comes out 
to a mean density of only 10”^® grams 
per cubic centimeter. If our present ten¬ 
tative value for the slowdown of the ex¬ 
pansion should be confirmed, we would 
have to conclude that either the cur¬ 
rent estimates of the masses of the 
galaxies arc wrong or that there is a great 
deal of matter, so far undetected, in in- 
tergalactic space. Matter in the form of 
neutral hydrogen (i.e., normal hydrogen 
atoms c'onsisting of a proton and an elec¬ 
tron) might be present in space and still 
have escaped detection until now be¬ 
cause it is not luminous. The giant radio 
telescopes now under construction or on 
the drawing boards perhaps will detect 
the hydrogen, if it exists in the postu¬ 
lated (|uantities. 

Once we know the rate at which ex¬ 
pansion of the universe is slowing down, 
it becomes possible to determine not only 
the mean density of matter but also the 
geometry of space—that is, its curvature. 
Models of the evolving universe take three 
forms: the Euclidean case, in which space 


is flat, open and infinite; a curved uni¬ 
verse which is closed and finite, like the 
surface of a sphere; and a curved universe 
which is open and infinite, like the sur¬ 
face of a saddle. In the accompanying 
velocity-distance chart [see page 336], 
curves to left of C represent evolving 
modek, and curve D represents the 
steady-state model. If the curve of the 
velocity-distance relation lies between 
C and B, the universe is open and in¬ 
finite. Line B is the Euclidean case of 
flat space. If the curve is left of B. the 
universe is closed and finite, the radius 
of its curvature decreasing to the left. 

According to our present observations, 
the actual relation follows a curve left 
of B (evuve A on the chart). Although 
our data are still crude and inconclusive, 
they do suggest that the steady-state 
model does not fit the real world, and 
that we live in a closed, evolving uni¬ 
verse. 

Humason has gone l>eyond 60,000 
kilometers per second and attempted 
to measure the red-shifts of two faint 
clusters whose predicted velocity is more 
than 100,000 kilometers per second. So 
far these efforts have not yielded reliable 
results, but he is continuing them. These 
hvo remote clusters may well hold the 
key to the structure of the universe. We 
stand a chance of finding the answer to 
the cosmological problem. The red-shift 
program will continue toward this goal. 

If the expansion of the universe is de¬ 
celerating at the rate our present data 
suggest, the expansion will eventually 
stop and contraction will begin. If it re¬ 
turns to a superdense state and explodes 
again, then in the next cycle of oscilla¬ 
tion, some 15 billion years hence, we 
may all find ourselves again pursuing 
our present tasks. 

Although no final answers have yet 
emerged, big steps have been taken since 
1928 toward the solution to the cosmo¬ 
logical problem, and there is hope that 
it may now be within our grasp. The 
situation has nowhere been better c.x- 
pressed than in Hubble's last paper: 

“For I can end as I began. From our 
home on the earth we look out into the 
distances and strive to imagine the sort 
of world into which we are bom. To¬ 
day we have reached far out into space. 
Our immediate neighborhood we know 
rather intimately. But with increasing 
distance our knowledge fades . . . until 
at the last dim horizon we search among 
ghostly errors of observations for land¬ 
marks that are scarcely more sub¬ 
stantial. The search will continue. The 
urge is older than history. It is not satis¬ 
fied and it will not be suppressed," 
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WHAT IS MATTER? 


by Erwin Schrodinger 


How matter can be both discrete particles and 
continuous wave patterns of energy is a great 
dilemma and a fundamental question in science. 


F ifty years ago science seemed on 
the road to a clear-cut answer to 
the ancient question which is the 
title of this article. It looked as if mat¬ 
ter would be reduced at last to its ul¬ 
timate building blocks—to certain sub- 
microscopic but nevertheless tangible 
and measurable particles. But it proved 
to be less simple than that. Today a 
physicist no longer can distinguish sig¬ 
nificantly between matter and something 
else. We no longer contrast matter with 
forces or fields of force as different en¬ 
tities; we know now that these concepts 
must be merged. It is true that we speak 
of “empt/' space (i.e., space free of 
matter), but space is never really empty, 
because even in the remotest voids of 
the universe there is always starlight— 
and that is matter. Besides, space is filled 
with gravitational fields, and according 
to Einstein gravity and inertia cannot 
very well be separated. 

Thus the subject of this article is in 
fact the total picture of spacc-time re¬ 
ality as envisaged by physics. We have 
to admit that our conception of material 
reality today is more wavering and un¬ 
certain than it has been for a long time. 
We know a great many interesting de¬ 
tails, Icam new ones every week. But to 
construct a clear, easily comprehensible 
picture on which all physicists would 
agree—that is simply impossible. Physics 
stands at a grave crisis of ideas. In the 
face of this crisis, many maintain that no 
objective picture of reality is possible. 
However, the optimists among us (of 
whom I consider myself one) look upon 
this view as a philosophical extravagance 
bom of despair. We hope that the pres¬ 
ent fluctuations of thinking are only in¬ 
dications of an upheaval of old beliefs 
which in the end will lead to something 
better than the mess of formulas which 
today surrounds our subject. 

Since the picture of matter that I am 


Editor's Note 

This article is condensed from a 
lecture entitled ""Our Conception 
of Matter," given by Professor 
Schrodinger in 1952 at a confer¬ 
ence iq Geneva organized by Ren¬ 
contres Internationales de Geneve. 
The condensation is based on a 
translation by Sonja Bargmann, 
and it is published here with the 
kind permission of Editions'de la 
Baconnidre of Neuchdtel, Switzer¬ 
land, who are publishing the full 
lecture in a volume called 
L^homme devant la science, pre¬ 
senting the proceedings of the con¬ 
ference- 


supposed to draw docs not yet exist, 
since only fragments of it are visible, 
some parts of this narrative may be in¬ 
consistent with others. Like Cervantes' 
tale of Sancho Panza, who loses his don¬ 
key in one chapter but a few chapters 
later, thanks to the forgetfulness of the 
author, is riding the dear little animal 
again, our story has contradictions. Wc 
must start with the welhestablishcd 
concept that matter is composed of cor¬ 
puscles or atoms, whose existence has 
been quite "tangibly" demonstrated by 
many beautiful experiments, and with 
Max Planck s discovery that energy also 
comes in indivisible units, called quanta, 
which are supposed to be transferred ab¬ 
ruptly from one carrier to another. 

But then Sancho Panzas donkey will 
return. For I shall have to ask you to be¬ 
lieve neither in corpuscles as permanent 
individuals nor in the suddenness of the 
transfer of an energy quantum. Discrete¬ 
ness is present, but not in the traditional 
sense of discrete single particles, let 
alone in the sense of abrupt processes. 


Discreteness arises merely as a structure 
from the laws governing the phenomena. 
These laws are by no means fully under¬ 
stood; a probably correct analogue from 
the physics of palpable bodies is the way 
various partial tones of a bell derive 
from its shape and from the laws of 
elasticity to which, of themselves, noth¬ 
ing discontinuous adheres. 

^T^he idea that matter is made up of 
-*• ultimate particles was advanced as 
early as the fifth century B.C. bv Leu¬ 
cippus and Democritus, who called these 
particles atoms.. The corpuscular theory 
of matter was lifted to physical reality 
in the theory of gases developed during 
the 19th century by James Clerk Max¬ 
well and Ludwig Boltzmann. The con¬ 
cept of atoms and molecules in violent 
motion, colliding and rebounding again 
and again, led to full comprehension of 
all the properties of gases; their clastic 
and thermal properties, their viscosity, 
heat conductivity and diffusion. At tlie 
same time it led to a firm foundation of 
the mechanical theory of heat, namely, 
that heat is the motion of these ultimate 
particles, which becomes increasingly 
violent with rising lem[>crature. 

Within one tremendously fertile dec- 
ade at the turn of the century came the 
discoveries of X-rays, of electrons, of the 
emission of streams of particles and other 
forms of energy from the atomic nucleus 
by radioactive decay, of the electric 
charges on the various particles. The 
masses of these particles, and of the 
atoms themselves, were later measured 
very precisely, and from this was discov¬ 
ered the mass defect of the atomic nu¬ 
cleus as a whole. The mass of a nucleus 
is less than the sum of the masses of its 
component particles; the lo.st mass be¬ 
comes the binding energy holding the 
nucleus firmly together. This is called 
the packing effect. The nuclear forces of 
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course are not electrical forces—those 
are repellent—but are much stronger and 
act only within very short distances, 
about 10“'® centimeter. 

Here I am already caught in a con* 
tradiction. Didn't I say at the beginning 
that we no longer assume the existence 
of force fields apart from matter? I could 
easily talk myself out of it by saying: 
Well, the force field of a particle is sim¬ 
ply considered a part of it. But that is 
not the fact. The established view today 
is rather that ever>’thing is at the same 
time both particle and field. Everything 
has the continuous structure with which 
we are familiar in fields, as well as the 
discrete structure with which we are 
equally familiar in particles. This con¬ 
cept is supported by innumerable experi¬ 
mental facts and is accepted in general, 
though opinions differ on details, as we 
shall sec. 

In the particular case of the field of 
nuclear forces, the particle structure is 
more or less known. Most likely the con¬ 
tinuous force field is represented by the 
so-called pi mesons. On the other hand, 
the protons an<l neutrons, which we 
think of as discrete particles, indisputa¬ 
bly also have a continuous wave struc- 
tore, as is shown by the interference 
patterns they form when diffracted by a 
crs stiil. The difficulty of combining these 

two so very different character traits in 

/ 

one mental picture is the main stum¬ 
bling-block that causes our conception 
of matter to be so uncertain. 

Neither the particle concept nor the 
wave concept is hypothetical. The tracks 
in a photographic emulsion or in a Wil¬ 
son cIoikI chamber leave no doubt of the 
behavior of particles as discrete units. 
The artificial production of nuclear par¬ 
ticles is being attempted right now with 
terrific expendittire, defrayed in the 
main bv the various state ministries of 
defense*. It is true tliat one cannot kill 
anybody with one such racing particle, 
or else we should all he dead bv now. 
But their studv promises, indirectly, a 
hastene<l reali^^ition of the plan for the 
annihilation of mankind which is so close 
to all our hearts. 

You can easily obsei^e particles your¬ 
self hv looking at a luminous numeral of 
your wrist watch in the <l,irk with a 
inagnifviiig ghiss. The Knninusity surges 
Aud undulates, pist as a lake sometimes 
twirikl<‘s in the sun. The light consists of 
sparklets, each produced bv a so-called 
alpha particle (helium nucleus) ex¬ 
pelled l)V a radioactive atom which in 
this proex'ss is transformed into a differ¬ 
ent atom. specific device* for detecting 
and rec'tirding single particles is the 



LIGHT INTERFERENCE poUern. showing the wave nature of lifhi, woi produced at the 
National Bureau of Sta^dard^ using light from mercury vapor and on interferometer. 



ELECTRON INTF.RFERENCE pattern from a crystal diffraction experiment at the Radio 
Corporation of America Laboratories gives convincing evidence that electrons ore waves- 
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WAVE DIAGRAM id two dtmeniions ihowi wave fronts (circles) and wave ^normals** or 
**rayt** {arrows). In three dimensiont the fronts would be torfocei like layers in an onion. 


Ceiger'MuUer counter. In this short ri- 
siun61 cannot possibly exhaust the many 
ways in which we can observe single 
particles* 

l^ow to the continuous field or wave 
^ ^ character of matter. Wave structure 
is studied mainly by means of difiraction 
and interference—phenomena which oo 
cur when wave trains cross each other. 
For the analysis and measurement of 
light waves the principal device is the 
mied grating, wUch consists of a great 
many fine^ parallel, equidistant lines, 
closely engraved on a specular metallic 
surface. Light impinging from one di¬ 
rection is scattered by them and col¬ 
lected in different directions depending 
on its wavelength. But even the finest 
ruled gratings we can produce are too 
coarse to scatter the very much shorter 
waves associated with matter. The fine 
lattices of crystals, however, which Max 
von Lauc first used as gratings to analyze 
the very short X-rays, will do the same 
for "matter waves ” Directed at the sur¬ 
face of a crystal, high-velocity streams 
of particles manifest their wave nature. 


With crystal gratings physicists have dif¬ 
fracted and measured the wavelengths 
of electrons, neutrons and protons. 

What does Planck s <{uantum theory 
have to do with all this? Planck told us 
in 1900 that he could comprehend the 
radiation from red-hot iron, or from an 
incandescent star such as the sun, only 
if this radiation was produced in discrete 
portions and transferred in such discrete 
quantities from one carrier to another 
(e.g., from atom to atom). This was ex¬ 
tremely startling, because up to that time 
energy had been a highly abstract con¬ 
cept. Five years later Einstein told us 
that energy has mass and mass is en¬ 
ergy; in other words, that they are one 
and the same. Now the scales begin to 
fall from our eyes: our dear old atoms, 
corpuscles, particles are Planck's energy 
quanta. The carriers of those quanta are 
themselves quanta. One gets dizzy. 
Something quite fundamental must lie 
at the bottom of this, but it is not sur¬ 
prising (hat the secret is not yet under¬ 
stood. After all, the scales did not fall 
suddenly. It took 20 or 30 years. And 
perhaps they still have not fallen com¬ 


pletely. 

The next step was not quite so far- 
reaching, but important enough. By an 
ingenious and appropriate generaliza¬ 
tion of Planck’s hypothesis Niels Bohr 
taught us to understand the line spectra 
of atoms and molecules and how atoms 
were composed of heavy, positively 
charged nuclei with light, negatively 
charged electrons revolving around 
them. Each small system—atom or mole¬ 
cule—can harbor only definite discrete 
energy quantities, corresponding to its 
nature or its constitution. In transition 
from a higher to a lower "energy level” 
it emits the excess energy as a radiation 
quantum of definite wavelength, in¬ 
versely proportional to the quantum 
given off. This means that a quantum of 
given magnitude manifests itself in a 
periodic process of definite frequency 
which is directly proportional to the 
quantum; the frequency equals the en- 
ergy quantum divided by the famous 
Planck’s constant, h. 

According to Einstein a particle has 
the energy mc^, m being the mass of the 
particle and c the velocity of light. In 
1925 Louis de Broglie drew the infer¬ 
ence, which rather suggests itself, that 
a particle might have associated with 
it a wave process of frequency mc^ di¬ 
vided by h. The particle for which he 
postulated such a wave was the elec¬ 
tron. Within two years the "electron 
waves” required by his theory were dem¬ 
onstrated by the famous electron dif¬ 
fraction experiment of C. J. Davisson 
and L. H. Cermer. This was the starting 
point for the cognition that everything— 
anything at all—is simultaneously par* 
tide and wave field. Thus de Broglies 
dissertation initiated our uncertainty 
about the nature of matter. Both Uie par¬ 
ticle picture and the wave picture have 
truth value, and we cannot give up 
either one or the other. But we do not 
know how to combine them. 

^^hat the hvo pictures are connected 
^ is known in full generality with great 
precision and down to amazing details. 
But concerning the unification to a sin¬ 
gle, concrete, palpable picture opinions 
are so strongly divided that a great many 
deem it altogether impossible. I shall 
briefly sketch the connection. But do not 
expect that a uniform, concrete picture 
will emerge before you; and do not 
blame the lack of success cither on my 
ineptness in exposition or your own 
denseness—nobody has yet succeeded. 

One distinguishes two things in a 
wave. First of all, a wave has a front. 
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and rt succession of wave fronts fonns a 
system of surfaces like the layers of an 
onion. You are familiar with the two- 
dimensional analogue of the beautiful 
wave circles that form on the smooth 
surface of a pond when a stone is thrown 
in. The second characteristic of a wave, 
less intuitive, is the path along which it 
travels—a system of imagined lines per¬ 
pendicular to the wave fronts. These 
lines are known as the wave “normals"^ 

14 >» 

or rays. 

We can make the provisional assertion 
that these rays correspond to the trajec¬ 
tories of particles. Indeed, if you cut a 
small piece out of a wave, approximately 
10 or 20 wavelengths along the direc¬ 
tion of propagation and about as much 
across, such a ''wave packet*' would ac¬ 
tually move along a ray with exactly the 
same velocity and change of velocity as 
we might expect from a particle of this 
particular kind at this particular place, 
taking into account any force Reids act¬ 
ing on the particle. 

Here I falter. For what 1 must say 
now. though correct, almost contradicts 
this provisional assertion. Although the 
l>chavior of the wave packet gives us a 
more or less intuitive picture of a par¬ 
ticle. which can be worked out in detail 
(c.g., the momentum of a particle in¬ 
creases as the wavelength decreases; the 
two are inversely proportional), yet for 
many reasons we cannot take this intui- 
tive picture quite seriously. For one 
thing, it is. after all, somewhat vague, 
the more so the greater the wavelength. 
I'or another. <|uife often we are dealing 
uoi witli a small packet hut with an ex- 
tciuied wave. For still another, wc must 
also deal with the important special 
<‘ase of ver)' small "packelots’* which 
form a kind of ‘'standing wave'* which 
can have no wave fronts or wave nor¬ 
mals. 

One interpretation of wave phenome¬ 
na whicli is extensively supported by cx- 
[HTiments is this: At each position of a 
uriiformh' ])ropagating wave train there 
is a twofold structural connection of in¬ 
teractions, which mav be distinguished 
as '‘loTtgitudmal" and ‘‘transversal." The 
transversal structure is that of the wave 
fronts and manifests itself in diffraction 
ami mterfercnc'e experiments, the longi¬ 
tudinal structure is that of the wave nor¬ 
mals and manifests itself in t)u' observa¬ 
tion of single p.uticles. However, these 
((mc-opls (if longitmlinal and transversal 
structur<*s are not sharpiv defined and 
absohit<*. since tlic concx'pts of wave 
front and wave normal are not, either, 

I he inteq)retation breaks down com- 
plet<*l) ill the special case of the standing 



DIFFRACTION is charartcriMic of waves. When ci wave <Ie/i) comet to a barrier per* 
forjieil wiiha tmall holcjt difiraeu around the edget of the hole to form a new wave {righi). 



INTFHFFRFN(.K it at^o evidence of waves. lu rharacieriMic pattern it formed when rayt 
inleract. l-or Jiglit waves the pattern thow t up at bright and dork bands on a icreen (righr)# 
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waves mentioned above. Here the whole 
wave phenomenon is reduced to a small 
region of the dimensions of a single or 
very few wavelengths. You can pr^uce 
standing water waves of a similar nature 
in a small basin if you dabble with your 
finger rather uniformly in its center, or 
else just give it a little push so that the 
water surface undulates. In this situa¬ 
tion we are not dealing with uniform 
wave propagation; what catches the in¬ 
terest are the normal frequencies of these 
standing waves. The water waves in the 
basin are an analogue of a wave phe¬ 
nomenon associated with electrons, 
which occurs in a region just about the 
size of the atom. The normal frequencies 
of the wave group washing around the 
atomic nucleus are universally found to 
be exactly equal to Bohr's atomic '"en- 
crgy leveb" divided by Planck's constant 
h. Thus the ingenious yet somewhat arti- 
fidal assumptions of Bohr s model of the 
atom, as well as of the older quantum 
theory in general, are superseded by the 
far more natural idea of de Broglie's 
wave phenomenon. The wave phenome¬ 
non forms the ‘Tx>dy" proper of the 
atom. It takes the place of the individual 
poindike electrons which in Bohr's 
model are supposed to swarm around the 
nucleus. Such poindike single particles 
are completely out of the question with¬ 
in the atom, and if one still thinks of the 
nucleus itself in this way one does so 
quite consciously for reasons of expe¬ 
diency. 

V^hat seems to me particularly im¬ 
portant about the discovery that 
“energy levels" arc virtually nothing but 
the frequencies of normal modes of vi¬ 
bration is that now one can do without 
the assumption of sudden transitions, or 
quantum jumps, since two or more nor¬ 
mal modes may veiy well be excited 
simultaneously. The discreteness of the 
normal frequencies fully suffices—so I 
believe—to support the considerations 
from which Planck started and many 
simUar and just as important ones—I 
mean, in short, to support all of quan¬ 
tum thermodynamics. 

The theory of quantum jumps is be¬ 
coming more and more inacceptable, at 
least to me personally, as the years go 
on. Its abandonment has, however, far- 
reaching consequences. It means that 
one must give up entirely the idea of 
the exchange of energy in well-defined 
quanta and replace it with the concept 
of resonance between vibrational fre¬ 
quencies. Yet we have seen that because 
of the identity of mass and energy, we 


must consider the particles themselves 
as Planck's energy quanta. This is at 
first frightening. For the substituted 
theory implies that we can no longer 
consider the individual particle as a 
well-defined permanent entity. 

That it is, in fact, no such thing can 
be reasoned in other ways. For one 
thing, there is Werner Heisenberg's fa¬ 
mous uncertainty principle, according to 
which a particle cannot simultaneously 
have a well-defined position and a 
sharply defined velocity, This uncertain¬ 
ty implies that we cannot be sure that 
the same particle could ever be observed 
twice. Another conclusive reason for not 
attributing identifiable sameness to indi¬ 
vidual particles is that we must obliter¬ 
ate their individualities whenever we 
consider two or more interacting parti¬ 
cles of the same kind, e.g., the two elec¬ 
trons of a helium atom. Two situations 
which arc distinguished only by the in¬ 
terchange of the two electrons' must be 
counted as one and the same; if they are 
counted as two equal situations, non¬ 
sense obtains. This circumstance holds 
for any kind of particle in arbitrary num¬ 
bers without exception. 

VTost theoreticians will probably ac- 
cept the foregoing reasoning and 
admit that the individual particle is not 
a well-defined permanent entity of de¬ 
tectable identity or sameness. Neverthe¬ 
less this inadmissible concept of the indi¬ 
vidual particle continues to play a large 
role in their ideas and discussions. Even 
deeper rooted is the belief in “quantum 
jumps,” which is now surrounded with a 
highly abstruse terminology whose com¬ 
mon-sense meaning is often difficult to 
grasp. For instance, an important word 
in the standing vocabulary of quantum 
theory is “probability," referring to tran¬ 
sition from one level to another. But, 
after all, one can speak of the prob«ibility 
of an event only assuming that, occa¬ 
sionally, it actually occurs. If it does oc¬ 
cur, the transition must indeed be sud¬ 
den, since intermediate stages are dis¬ 
claimed. Moreover, if it takes time, it 
might conceivably be interrupted half¬ 
way by an unforeseen disturbance. This 
possibility leaves one completely at sea. 

The wave v, corpuscle dilemma is 
supposed to be resolved by asserting that 
the wave field merely serves for the com¬ 
putation of the probability of finding a 
particle of given properties at a given 
position if one looks for it there. But once 
one deprives the waves of reality and 
assigns them only a kind of informative 
role, it becomes very difficult to under¬ 


stand the phenomena of interference 
and diffraction on the basis of the com¬ 
bined action of discrete single particles. 
It certainly seems easier to explain par¬ 
ticle tracks in terms of waves than to 
explain the wave phenomenon in terms 
of corpuscles. 

“Real existence" is, to be sure, an ex¬ 
pression which has been virtually chased 
to death by many philosophical hounds. 
Its simple, naive meaning has almost 
become lost to us. Therefore 1 want to 
recall something else. I spoke of a cor¬ 
puscle's not being an individual. Proper¬ 
ly speaking, one never observes the same 
particle a second time—very much as 
Heraclitus says of the river. You cannot 
mark an electron, you cannot paint it 
red. Indeed, you must not even think of 
it as marked; if you do, your '‘counting* 
will be false and you will get wrong 
results at every step-for the structure of 
line spectra, in thermodynamics and 
elsewhere. A wave, on the other hand, 
can easily be imprinted with an indi¬ 
vidual structure by which it can be rec¬ 
ognized beyond doubt. Think of the 
beacon fires that guide ships at sea. The 
light shines according to a definite code; 
for example: three seconds light, five 
seconds dark, one second light, another 
pause of five seconds, and again light 
for three seconds-thc skipper knows 
that is San Sebastian. Or you talk bv 
wireless telephone with a friend across 
the Atlantic; as soon as he says, "Hello 
there, Edward Meier speaking," you 
know that his voice h;is imprinted on 
the radio wave a structure which can be 
distinguished from any other. But one 
docs not have to go that far. If your wife 
calk, “Francis!” from the garden, it is 
^actly the same thing, except that the 
structure is printed on sound waves and 
the trip is shorter (though it takes some¬ 
what longer than the journey of radio 
waves across the Atlantic). All our 
verbal communication is based on im¬ 
printed individual wave structures. And; 
according to the same principle, what a 
wealth of details is transmitted to us in 
rapid succession by the movie or the 
television picture! 

This characteristic, the individuality 
of the wave phenomenon, has already 
been found to a remarkable extent in the 
very much finer waves of particles. One 
example must suffice. A liinittxl volume 
of gas, say helium, can be thougfit of 
either as a collection of many helium 
atoms or as a superposition of elemen¬ 
tary wave trains of matter waves. Both 
views lead to the same theoretical re¬ 
sults as to the behavior of the gas upon 
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heating, compression, and so on. But 
when you attempt to apply certain some¬ 
what involved enumerations to the gas, 
you must carry them out in different 
ways according to the mental picture 
with which you approach it. If you treat 
the gas as consisting of particles, then no 
individuality must be ascribed to them, 
as I said. If. however, you concentrate 
on the matter wave trains instead of on 
the particles, every one of the wave trains 
has a well-defined structure which is dif¬ 
ferent from that of any other. It is true 
that there are many pairs of waves which 
are so similar to each other that they 
could change roles without any notice¬ 
able effect on the gas. But if you should 
count the very many similar states 
formed in this way as merely a single 
one, the result would be quite wrong. 

In spite of everything we cannot com- 
^ pletcly banish the concepts of quan¬ 
tum jump and individual corpuscle from 
the vocabulary of physics. We still re- 
<{uire them to describe many details of 
the structure of matter. How can one 
ever determine the weight of a carbon 
nucleus and of a hydrogen nucleus, each 
to the precision of several decimals, and 
detect that the former is somewhat light¬ 
er than the 12 hydrogen nuclei com¬ 
bined in it. without accepting for the 
time being the view that these particles 
arc something quite concrete and real? 
This view is so much more convenient 
than the roundabout consideration of 
wave trains that we cannot do without 
it, just as the chemist docs not discard 
his valence-bond formulas, although he 
fully realizes that they represent a dras¬ 
tic simplification of a rather involved 
wave-mechanical situation. 

If you finally ask me: ‘‘Well, what are 
these corpuscles, really?" I ought to con¬ 
fess honestly that I am almost as little 
prepared to answer that as to tell where 

Sancho Panza’s second donkcv came 

/ 

from, At the most, it may be permissible 
to say that one can think of particles as 
more or less temporary' entities within 
the wave field whose form and general 
behavior arc nevertheless so clearly and 
sharply determined by the laws of waves 
that many processes take place as if 
these temporary entities were substan¬ 
tial permanent beings. The mass and the 
charge of particles, defined with such 
precision, must then be counted among 
the structural elements determined bv 
the wave laws. The ct)nservation of 
charge and mas.s in the large must be 
C‘onsi(iere<l as a statistical effect, based 
on the “law of large numbers." 



Hr H^ Ha 


HYDROGEN SPECTRUM expretiet the beharior of a fandamenul cotuthuent of 

the electron. Shown ahove b a part of the Balmer aeriei ol spectral lloes» which are in the 

risible lisht range. Each line is the reioli of a change in energy of the atom*s electron. 



BOHR THEORY exploined spectral lines of hydrogen by postulating a poinllike electron 
revolving around the nucleus in any of s number of possible orbits. In falling from one to 
another, the electron emits light energy whose wavelength ti that of one of the spectral lines- 



W.4VE MECHANICS sees the electron not as a point mass- but as a standing wave washing 
to and fro in the atom. Some modes of vibration are possible (le/f), while others are not 
(rightI. The possible modes correspond exactly to the Bohr theory's possible energy levels* 
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THE SYNTHETIC ELEMENTS I 


by Glenn T. Seaborg and I. Perlman 


Wartime studies in the chemistry of fissionable materials led to a 
wholesale synthesis of unknown elements. Four of them filled gaps in 
the periodic table of 92 elements; five extended it beyond uranium. 


T he urge to take our material world 
apart and identify its ultimate units 
of construction is at least as old as 
the early Greek philosophers. Wc have 
come a long way from their conclusion 
that all substances arc variations of an 
Olympian brew composed of only four 
ingrcdients-fire> water, earth and air— 
but the end of the quest is not yet in 
sight. At the moment the list of identified 
elements stands at 97. The physicists, of 
course, have broken these down into 
protons, neutrons and units which may 
be even more basic. In this article, how¬ 
ever. we shall stop short of the subatomic 
world and confine ourselves to the ele¬ 
ments. considering protons and neutrons 
only as they affect the elements* stability. 
From the strictly chemical point of view, 
the elements may be considered the 
blocks of which our universe is built. 

Our particular concern in this article 
will be the so-called synthetic elements, 
which for all practical purposes arc not 
found in nature but arc created only by 
tlie alchemy of the modern laboratory. 
Lot us make clear at the beginning 
what we mean* when we say that the 
synthetic elements arc missing in nature. 
Actually tiny amounts of some of them, 
such as plutonium, have been detected 
in the earth, and all of them doubtless 
existed in considerable amounts at the 
primordial creatii'n of the elements. But 
without exc'C'ption they are so unstable 
that the original atoms must have disap¬ 
peared long ago; any such atoms now 
found in nature are created only rarely 
by spontaneous nuclear reactions due to 
cosmic-ray bombardment or natural ra- 
(liaactis'itv. 

1 he idea that all matter couhl be re¬ 
duced to a limited nurnl)er of chemically 
indivisible elements began to take form 
iu the 19th c'entury. It developed prin- 
cip.dly from the discovery of certain pe¬ 


riodic similarities among the known ele¬ 
ments. When the elements were ar¬ 
ranged in the sequence of their atomic 
weights, it was found that elements oc¬ 
curring at certain intervals on the list 
resembled one another in chemical 
properties. This resulted in the construc¬ 
tion of a periodic table of the elements, 
which in turn disclosed some gaps. It 
was logical to assume that the missing 
chemical properties should be attributed 
to still undetected elements. 

With the discovery of X-rays and of 
the atomic nucleus at the turn of the 
century, a more meaningful picture of 
the differences among elements began 
to emerge. We now know that the dis¬ 
tinguishing mark of each clement—what 
determines its chemical properties—is 
the number of electrons it possesses, and 
that this in turn is uniquely determined 
by the number of positive charges or 
protons in the nucleus. The electrons 
are attached to the nucleus in successive 
shells, and as wc go up the periodic table 
from the losver to the higher elements 
we find that the electrons closest to the 
nucleus «ire attached more and more 
firmly to the atom. The dislodging of 
one of these inner electrons is imme¬ 
diately followed by an outer electron 
falling into the vacancy, and the energy 
released by this event appears as an 
X-ray. The wavelength of the X-ray is 
characteristic of the clement. It was 
H. G. I. Moseley of England who dis¬ 
covered this relationship and thereby 
was able to arrange the elements accord¬ 
ing to atomic number and to tell precise¬ 
ly svhich elements were missing. Gradu¬ 
ally most of the gaps between hydrogen 
(atomic number 1) and uranium (atom¬ 
ic number 92) were filled by the discov¬ 
ery of new elements. By 1925 only four 
elements remained to be fotmd; those of 
atomic ntimbers 43, 61. 85 and 87. 


As one might expect, a new element 
did not necessarily appear for the first 
time in pure form, nor did it assert its 
singularity. Some research workers may 
have handled substances in relatively 
pure form and failed to recognize them 
as new elements. More often new ele¬ 
ments were reported which pros ed to be 
identical with previously known ele¬ 
ments or mixtures. During the 1920s and 
1930s a number of workers reported the 
discovery of elements 43, 61, 85 and 87. 
They gave those elements such names as 
masurium, illinium, florentium, alaba- 
minc, virginium and moldavium, and to 
this day these names appear in some 
tables of elements. It is fairly certain, 
however, that none of these elements 
can exist in nature in quantities detecta¬ 
ble by the methods of investigation then 
employed. Actually the unambiguous 
identincation of three of (he four ele¬ 
ments (the exception: element 87) had 
to await their preparation by artificial 
means, and even clement 87 can be pre¬ 
pared more readily by transmutation 
than from natural sources. 

Stable and Unstable Isotopes 

To understand the transmutation of 
elements, wc must turn to considerations 
of nuclear stability. An element, as wc 
have noted, is uniquely characterized by 
the number of protons in the nucleus. 
But U)c number of neutrons associated 
with a given number of protons may 
vary. This results in the existence of vari¬ 
ous species of the same element, known 
as isotopes, which differ in weight and 
stability but not appreciably in chemical 
properties. Relative^ few of the possible 
isotopes of any element are stable; in 
fact, of the 1,000 isotopes of the 97 ele¬ 
ments known to date, only about 275 are 
stable. Several hundred unstable nuclei 
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mav yet be prepared, but probably few 
stable nuclei remain to be discovered. 
The paucity of stable nuclei is largely 
explained by the interconversion of pro* 
tons and neutrons; a proton will change 
into a neutron or vice versa if there is a 
slight imbalance from a norm character* 
istic of each region of the periodic table. 
The nucleus is much more stable if it has 
an even number of neutrons or protons. 
As a result each element with an odd 
number of protons has only one or two 
stable isotopes. 

The margin by which an isotope may 
be stable or unstable is indeed small 
when compared with the total amount 
of energy involved in binding together 
the components of a nucleus. In mod* 
erately heavy nuclei the total binding 
energy is about 1,000 million electron 
volts, yet if one nucleus is bound more 
firmly by even .01 mev than another 
with one more proton and one less neu¬ 
tron, the second nucleus will decay into 
the first. Such small iiregularities in nu* 
clear binding may deprive some odd- 
numbered elements of the possibility of 
having even one stable isotope Conse¬ 
quently such an element, barring some 
freakish factor that prevented its most 
nearly stable isotope from decaying, 
would not be found in nature. 

It may be of interest to speculate how 
different our lives would be, if indeed 
we would be here at all, should certain 
elements be unstable. One element with 
only a single stable isotope, for example, 
is iodine. This element, as a constituent 
of thyroxine, the hormone of the thyroid 
gland, is vital as a regulator of growth 
and development and of the metabolic 
rate. It is difficult to visualize what form 
vertebrate animal life would have taken 
had this element been missing. Another 
element with but one stable isotope is 
gold. As well as we can measure it, this 
isotope. Au^"^, is considerably less than 
one mev more stable than the artificial 
and highly unstable mercury isotope 
Hg*®^. If this situation were reversed, 
Fort Knox might still be used to store 
something, but it would not be gold. 

The Missing Elements 

Below lead, clement 82, only two ele¬ 
ments are missing in nature. These are 
elements 43 (technetium) and 61 (pro¬ 
methium) which, as we shall see, may 
l>e prepared artificially in radioactive 
form just as one may prepare radioactive 
isotopes of all of the elements. The form 
of instability responsible for the absence 
of elements 43 and 61 involves neutron- 
proton interconversions. It is called beta- 
instability, meaning that the nucleus 
emits beta particles, i.e., electrons, in 
attaining staoility. 

Among the heavier elements another 
type of instability sets in. This type is a 
consequence of what may loosely be 
considered an over stuffing of positive 




PLUTONIUM hydroxide is isolated CURIUM is so intensely radioactive 
in a few crystals at the bottom of a that it glows by its own light in a 
capillary tube. Sample was prepared water solution. Curium was tiiscov* 
at University of Chicago in 1942. cred at University of Chicago in 1944. 



PROMETHIUM nitrate is isolated 
as clustered cr>*8tals. The crystals in 
the original photomicrograph have 
hcen enlarged by about 30 diameters. 



TECHNETIUiM is prepared in tlie 
compound amnion i uni pertecluie- 
tale. In original pliotoiiiicrograpb 
crystal5 were enlarged 16 diameters. 
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HOT LABORATORY* at tlie Univcrsily of California provides facilities for 
workinfr witli hi^rlily radioactive elements, synthetic anti otherwise. Elements 
arc clieinieally manipulated lieliind a lead wall by remote control {bvlou \. 
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“ I ipiipment for maiiipiilaiin«: radioactiveidement'*, 
111 whii h (lu‘ inanipul.itious niaN ho tdi^erved. Sonic 
of <<11111111 UMf ciirrieil out in lliiv |aI>oiator>. 
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charge in the nucleus. The nucleus has 
an urge to get rid of protons. The mecha¬ 
nism for relieving its condition is the 
emission of alpha particles, or helium 
nuclei, composed of rivo protons and two 
neutrons. The reason this complex par¬ 
ticle rather than a proton is emitted is 
simply that the helium nucleus is such a 
stable stnicture that it is more economi¬ 
cal of energy to rid the nucleus of pro¬ 
tons in this fashion than individually. By 
the time bismuth, element 83, is reachea, 
alpha instability sets in as a general con¬ 
dition. (Some nuclei do not exhibit their 
alpha instability, however, because their 
beta-decay rate is much faster than their 
alpha-decay rate.) These alpha-emitters 
have vastly varying lifetimes: some as 
short as a microsecond, others compara¬ 
ble with the age of the earth. The point 
to be made here is that there are only 
three nuclei above bismuth sufBciently 
long-lived to have survived geological 
time-thorium 232, uranium 235 and 
uranium 238. These isotopes arc respon¬ 
sible for the fact that the earth still has 
small amounts of the elements between 
83 and 92, for the latter arise as products 
of the decay of uranium and thorium. 
Thus the existence of this small island of 
relative stability at thorium and uranium 
is the only factor preventing the termina¬ 
tion of the periodic tabic at bismuth. 

As these three nuclei decay, they 
maintain their various products in equi¬ 
librium with them, in amounts that dc- 

f )end on their relative stability' or half- 
ives. For example, radium 226 is one of 
the decay products of Since the re¬ 
spective half-lives of these isotopes arc 
1,600 years and 4.5 billion years, the 
two are foimd together in the ratio of 
one part of radium to three million parts 
of uranium, or a tliird of a gram of ra¬ 
dium to a ton of uranium. Two of the 
elements with cxtremelv short half-lives, 
elements 85 and 87, are almost missed 
completely in the radioactive-decay se¬ 
nes. element 87 occurs in uranium only 
m the fantastically low wncentration of 
a lew parts per billion billion. In the case 
of element 85. tlie amount that has been 
detected m nature is much smaller. Such 
small quantitie.s. of cxnirse, cannot be iso¬ 
lated and are measurable only through 
their radioactivity. 

It is only by the grace of an odd com¬ 
bination of unusual circumstances, by 
the way, that fissionable still exists 
in (he earth in sufficient <|uantity to pro- 
vulo us with nuclear chain reactors and 
atomic energy, has a half-life of 

onlv .7 billion years, which means that 
more than 90 [>er cent has disappeared 
tlirougli radioactnc decay during the 
three billion years of the earth's age. 
Tims only by the slenderest of margins 
does enougli T-remam in natural 
uramiirn to operate a nuclear reactor or 
to make its separatum from feasi¬ 

ble, And this is onlv half the story. Re- 
ci'nt studies of alplia radioactivity have 
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shown that falls into a category of 
nuclei whose half-lives arc longer than 
would be predicted from their decay 
energy—the principal factor influencing 
the half-life. Even among this group in 
which alpha decay is ‘'forbidden,” 
is sometl^g of a freak. For its particular 
decay energy it might be expected to 
decay about 10 times more mpidly than 
it does; while even if its decay were only 
twice as rapid as it actually is, it would 
essentially have disappeared from the 
earth by this time. 

Above uranium, alpha-decay half- 
lives again become quite short, so the 
transuranium elements of primordial 
origin are no longer present although 
there is every reason to believe that such 
elements were formed at the same time 
as the more stable ones. The longest- 
lived transuranium isotope known to 
date, neptunium 239, has a half-life of 
only hvo million years, which is almost 
100 times too short to have permitted 
the element to persist tlirough geological 
time. 


Radioclicmistry 

What about the chemical behavior of 
these unstable elements? Basically the 
chemistry of a radioactive substance is 
no different from that it would have if it 
were not radioactive. There is one prac¬ 
tical difference in handling it, however, 
and this is that we can detect it even 
when it is present in vanishingly small 
concentrations. If it were not for this 
facility, most unstable nuclei would re¬ 
main undiscovered, for they arc found 
or can be prepared only in unweighable 
amounts. 

Today the techniques of the new 
branch of study called radiochemistry 
make it possible to obtain a great deal 
of information about chemical properties 
and to carry through chemical separa¬ 
tions with amounts of material far too 
small to handle by the usual methods of 
chemistry. By the mere analysis of a 
substance s radioactivity it is possible to 
obtain semiquantitative information 
about its solubility, its oxidation-reduc¬ 
tion potentials, its formation of complex 
ions and many other properties. 

Once the element has been identified 
there is a great incentive for manufac¬ 
turing it in visible amounts so that one 
can study its spectra, its crystal structure 
and many other properties that are in¬ 
accessible to radiochemical methods. 
With the advent of the nuclear reactor 
the synthesis of these radioactive ele¬ 
ments is no longer difficult, provided the 
transmutations can be effected with neu¬ 
trons. There arc problems, however, in 
connection with Inc elements* great ra¬ 
dioactivity. It is desirable to work with 
an isotope with a relatively long half- 
life, for if the half-life is short it may be 
difficult to produce the element at a 
faster rale than it decays. Also important 


is the hazard in handling these radio¬ 
active substances when they are made in 
visible amounts. A good example is the 
curium isotope the principal iso¬ 

tope of curium that has been used for 
experimentation up to this time. This 
isotope has a half-life of only five months, 
and if it were possible to make one milli¬ 
gram of it, its alpha radioactivity would 
be 3.5 curies. This would be a consider¬ 
able amount of radioactivity' to work 
with. If it were spread uniformly over 
the entire state of New York (we de¬ 
liberately refrain from spreading it here 
in California), radioactivity could be de¬ 
tected on every square fool of ground. 

Thus the experimenter has no alterna¬ 
tive but to work with extremely small 
amounts of such isotopes. Ultramicro¬ 
chemical methods have been developed, 
however, which permit almost any type 
of chemical and physical measurement 
to be made on only a few micrograms to 
a milbgram of an clement. 

Element 43 

The first synthetic element to be 
created was technetium, element 43, 
which filled the gap in the periodic ta¬ 
ble between meuybdenum and ruthe¬ 
nium. Technetium was definitely identi¬ 
fied for the first time by C. Perrier and 
E. Segre of Italy in 1937. A sample of 
molybdenum that had been irradiated 
with deutcrons in the University of Cal¬ 
ifornia cyclotron was sent to them. From 
it they isolated a chemical fraction 
which, on the basis of its radioactive 
behavior, was distinct from all other 
known elements. Its chemistry con¬ 
formed with what might have been ex¬ 
pected from clement 43, an clement in 
the series known as Croup VII. Such a 
group, as already indicated, is made up 
of elements in the periodic tabic that arc 
chemically similar to one another be¬ 
cause they have the same numl)cr of 
electrons in the outer shell. Further ex¬ 
ploratory work showed that element 43 
was somewhat closer in properties to 
rhenium, the next heaviest element in 
Group VII. than to manganese, the next 
lowest element in the group. Ten years 
later Segre suggested that clement 43 
be named technetium (Tc), derived 
from the Creek technikos, signifying the 
element's artificial or "technical' origin. 

From the behavior of a certain isotope 
of technetium, Tc'^®, with a half-life of 
six hours, it was deduced that this iso¬ 
tope must have another form, or nuclear 
isomer, with a long half-life. Thus one of 
the conditions for obtaining macroscopic 
amounts of the element was fulfilled, 
namely, that a long-lived isotope must 
exist. The other condition, a method of 
preparing the element in quantity, was 
rean/ed when it was shown that the sLx- 
hour Tc*^*^ is a fission product and there¬ 
fore cun be made in an atomic pile. The 
fission yield of technetium is high; Tc'^ 



ONE ELEMENT, the synthetic rare 
earth promethium* has a characteris¬ 
tic X-ray spectrum with two lines. 



THREE ELEMENTS in succession, 
neo<Iymium, promethium and .samar¬ 
ium, have successive ])airs of lines. 



TWO ELEMENTS* neodymium and 
samarium, have X-ray lines willi i\ 
gap between them for promethium. 
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constitutes 6.2 per cent of the eventual 
fission products in a pile, and it can be 
calculated that the fission of one gram 
of U*** produces 26 milligrams of Tc^®. 
The element can also be made by irra* 
diating molybdenum with neutrons to 
form Mo*®, which decays to Tc*®; so two 
methods for production in quantity are 
available. 

When it became possible to produce 
suitable amounts of long-lived Tc®®, it 
turned out to have a half-life of close to 
one million years. With this half-life the 
element becomes relatively easy to han¬ 
dle. A number of milligrams have now 
been isolated and many of its chemical 
properties have been investigated. Like 
the brilliant violet permanganates fa¬ 
miliar to chemists, the corresponding 
pertechnetates are also brightly colored. 
Technetium has been prepared in the 
metallic state and combined in a number 
of compounds; its optical emission spec¬ 
trum and X-ray spectrum have been 
recorded; its mass number has been 
proved to be 99 by means of the mass 
spectrograph. 

It is almost certain that there can be 
no primordial technetium in nature, 
since all possible isotopes of the element 
seem to nave half-lives which are far too 
short. The only processes that come to 
mind as possime sources for the con¬ 
tinuing formation of technetium in na¬ 
ture are (1) the spontaneous fission of 
a very rare event, and (2) the ac¬ 
tion of stray neutrons on molybdenum 
and It we assume that the yield of 
Tc®® horn the spontaneous fission of 
is the same as that from the neu¬ 
tron-induced fission of and that the 
half-life of spontaneous fission is 10’^ 
years, then each kilogram of uranium 
when dug from the ground would con¬ 
tain only a few millionths of one micro¬ 
gram of Tc®®. The other mechanisms for 
producing Tc®® would not yield much 
more. 

Element 61 

The next synthetic element we shall 
consider is the rare earth promethium. 
The rare-earth elements are a group 
from cerium to lutetium (atomic num¬ 


bers 58-71 inclusive). They are closely 
allied in chemical properties to one an¬ 
other and to their prototype, lanthanum 
(element 57). The rare earths always 
occur together and have a marked pre¬ 
dilection for remaining together under 
most chemical treatments. The classical 
method for separating them is repeated 
recrystallizations, a most laborious and 
material-consuming process. 

When the rare earths were finally 
lined up according to atomic nxunber, 
(he space for element 61 remained un¬ 
filled. Obviously the place to look for 
element 61 was in rare-earth ores, but 
the difficulty of separating rare earths 
from one another was an obstacle. Al¬ 
though a number of claims to its dis¬ 
covery were made, the question of the 
existence or nonexistence of element 61 
in nature was still unsettled when the 
possibility of preparing it artificially 
presented itself. Several groups of in¬ 
vestigators irradiated neighboring rare 
earths and produced some new sources 
of radioactivity, some of which undoubt¬ 
edly were isotopes of element 61. But 
which radioactivities belonged to ele¬ 
ment 61 and which to new isotopes of 
known rare earths? This question re¬ 
mained unanswered because the meth¬ 
ods of fractionating rare earths were of 
insuperable difficulty and the radioac¬ 
tivities observed had short half-lives. 

Two developments in the Manhattan 
Project during the war conspired to al¬ 
low the unambiguous discovery of ele¬ 
ment 61. Foremost was the development 
of methods for separating the rare earths 
by means of synthetic ion-exchange 
resins. It was found that neighboring 
r;irc earths could be largely separated in 
one pass through a glass column filled 
with resin. Furthermore, the rare earths 
came off the column in a definite order, 
inversely iis the atomic number, so that 
it was fairly safe to assume that clement 
61 would follow samarium, element 62. 
The second important discovery was 
that a relatively long-lived isotope of 
clement 61 occurs as a result of uranium 
fission. The first positive identification of 
element 61 came in 1945 from the ex¬ 
periments of J. A. NIarinsky and L. E, 
Glcndenin at the Clinton (now Oak 


Ridge National) Laboratory. They sug¬ 
gested that the element be named pro¬ 
methium (Pm) to draw a parallel be¬ 
tween mankind's newly acquired nuclear 
power and the acquisition of fire, which 
according to Greek mythology was 
stolen from the gods and given to man 
by Prometheus. 

The longest-lived known isotope of 
promethium. Pm'^’, has a half-life of 
3.7 years; nevertheless it has been iso¬ 
lated in the pure state. At the Oak Ridge 
National L^oratory G. W. Parker and 
P. W. Lantz obtained promethium from 
a fission-product mixture, and B. H. 
Ketelle and G. E. Boyd isolated some 
from neutron-irradiated neodymium. 

Element 85 

Let us now consider the third of the 
four gaps in the periodic table, element 
85. The synthesis of this element actually 
came second chronologically, before 
promethium. Its manufactxire presented 
a somewhat different problem from that 
of technetium and promethium. Tech¬ 
netium can be made by irradiating 
molybdenum, the next lowest element, 
with neutrons or deuterons; promethium 
similarly can be made from neodymium, 
the next element below it. But in the 
case of element 85 the next lowest ele¬ 
ment, polonium, itself exists only in trace 
amounts in nature. Hence polonium can¬ 
not serve as the starting material. To 
make element 85 one must start with the 
clement two numbers below it: bismuth. 
Consequently it is necessar)' to add not 
one but two charges, transmuting ele¬ 
ment 83 to 85. This can be done by irra¬ 
diating bismuth with accelerated ions of 
helium, svhich has two protons. The syn¬ 
thesis was first accomplished by D. R. 
Corson, K. R. MacKenzie and Segre at 
the University of California (to which 
Segri had come from Italy). They 
named element 85 astatine, from the 
Greek word meaning “unstable." The 
-ine ending means that the element is a 
halogen, i.e., a member of the chlorine 
family. 

The particular isotope of astatine first 
made was At^“, an alplia-particle emit¬ 
ter. As a matter of fact, it exhibits a phe- 


THE PERIODIC TABLE at (he bolloni of the opposite 
•gc presents the 97 natural and synthetic elements in 
orizontal rows to show similarities in their chemical 
propcrticB, Elements of similar chemical properties arc 
connected by the lines running from top to hottoin. 
Above the symbol of each element is its atomic number, 
the number of positive charges in the nucleus or 
the number of electrons bound by them. The nine syn¬ 
thetic elements are indicated in red. In each horizontal 
row is one or more half-brackets designated Is, 2p 
and so on. Each of these brackets denotes the filling of 
a shell of electrons—more properly a Mihshcll—in the 
succession of the elements. The electron shell structures 
of two synthetic elements arc given in the schematic 
drawings at the top of the page. In X-ray terminology 
the shells are designated K, L, M. N, O and P. In spcctro- 


graphic terminology they are designated 1, 2, 3, 4, 5 and 
6. The spcctrograpliic suhshclls arc designated 5. />. d 
and /. The maximum number of electrons in any 5 suh- 
hhcll is two, in any p subshell six, in any d suhsliell 10 
and in any / subshcll 14. The number of electrons in each 
suliehell is indicated by a superscript; for example 6/r‘ 
in the outermost suhshell of astatine (At) itnlieates that 
there arc five electrons in the p suhshell of shell 6. In 
the case of astatine all the subshells are filled except the 
last. The case of promethium (Pm) and the oilier rare 
earths, however, is more complex. In the rare-curtb 
scries from cerium (Cc) to lutetium (Lu) the numhei 
of 5cf and 6 j electrons remains the same; in 
elements electrons arc added in the 4/ suh^he]). Prome¬ 
thium thus has four 4/ electrons. Tlie transuranium 
elements appear to belong lo a second rarc-cartli series. 
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nomcnon known as branched decay, 
which means that some atoms break 
do>vn in one way and some in another, 
both sequences yielding alpha particles. 
One part of a sample of astatine emits 
alpha particles directly, thereby decay¬ 
ing to bismuth 207; the other part first 
cupttires an electron and becomes polo¬ 
nium 211, but the latter is extremely 
short-lived and promptly gives off a very 
energetic alpha particle. As a result. 

is observed to decay with two 
alpha particles of widely differing ener¬ 
gies. When observed with proper radia¬ 
tion-measuring equipment, this isotope 
is as distinctive as a cat with two heads. 

The nuclear properties of astatine iso¬ 
topes have been well charted and they 
lead to the conclusion that probably no 
species of this element will have a naif- 
life greater than several hours. The 
chemistry of astatine has been investi¬ 
gated on the tracer scale by the methods 
of radiochemistry. Its behavior is that of 
a halogen considerably more electro¬ 
positive than iodine, just os iodine is 
more electropositive than the next light¬ 
est halogen, bromine. One means of 
separating astatine from solutions is by 
electroplating or chemical plating. There 
is no easy way to prepare astatine in visi¬ 
ble iimounts, for its longer-lived isotopes 
can only be made by the use of a parti¬ 
cle accelerator such as a cyclotron. Even 
these have half-lives of only a few hours, 
so that work with macroscopic quanti¬ 
ties will be exceedingly difficult because 
of the intense radioactivity. 

Element 87 

The fourth and final gap in the peri¬ 
odic table was element 87. According 
to its place in the table, this clement 
should be a member of the alkali family, 
which includes so<iiiim. potassium and 
c'csium. As in tlie case of the other miss¬ 
ing elements, there had been a number 
of claims to tlic discovery of element 
87 by conventional chemical methods, 
the substance so identified had been 
variously called virginiiim and molda- 
vium. Hut wo now arc virtually certain 
that there can be no stable isotope of 
element 87, and furthermore the longest- 
lived known radioactive isotope of the 
element has a half-life of only about 20 
rninvites, so it could not have been de¬ 
tected by conventional chemical meth¬ 
ods. 

Actually element 87 was first discov¬ 
ered unmistakably through its radio¬ 
activity. and it was found as a product 
of the decay of a heavy element. To 
understand how it was identified, we 
must examine brioHv the various proc¬ 
esses by which the elements at the lieavy 
eiul of the periodic table decay. There 
are three separate decay series anuing 
the natural lieavy elements, known re¬ 
spectively as the thonurn. ur.uiiuTn and 
actinium senes. Hie first scries starts 


%v1th thorium, which breaks down by a 
number of steps through various isoloi>es 
of radium, actinium, polonium and other 
heavy elements until it finally becomes 
stable lead. The second series starts with 
uranium and goes through a number of 
transformations into other isotopes of 
these elements until it, too, degenerates 
to stable lead. The third series, starting 
with actino-uranium. or proceeds 

through actinium, from which the series 
derives its name, and finally ends as still 
another stable isotope of lead. 

Soon after the significance of these 
decay processes became understood, and 
it was realized that a number of isotopes 
of elements between uranium and lead 
should be found as decay products, at¬ 
tempts were made to locate some isotope 
of element 87 in a decay sequence. Ele¬ 
ment 87 of course stands above lead, 
clement 82, so it should be found some¬ 
where in one of these series. It soon be¬ 
came obvious, however, that no isotope 
of element 87 would result from the 
known breakdowns in the main pathway 
of any of the three decay series. But in 
1914 Stefan Meyer, V. F. Hess and F. A. 
Paneth of Austria noted that actinium, 
Ac®^\ which was known as a beta- 
emitter, also decayed occasionally by 
alpha emission. Since actinium is cle¬ 
ment 89. its alpha-decay product must 
be an isotope of element 87. in this case 
87^”. It was not until 1939, however, 
that-Mile. M. Perey of France suc¬ 
ceeded. by very meticulous radiochemi¬ 
cal separations, in obtaining a 21-min¬ 
ute l>eta-particlc emitter which she 
proved to be the alpha-decay product of 
Ac^^". She later named this new element 
francium in honor of her native land. 

The three natural radioactive series, 
as we have obscrv'cd, almost miss ele¬ 
ment 87 completely. But when the arti¬ 
ficial transuranium element neptunium 
was synthesized, a fourth series, starting 
with that clement, was discovered. And 
this scries yields an isotope of francium. 

in its main decay sequence. This 
isotope arises from the alpha decay of 
Ac^'^ . It has a half-life of only five min¬ 
utes. decaying by alpha emission to an 
astatine isotope of .02-sccond half-life. 
Subsc(|uontly it was found that Fr”' is 
also ol>tainc<i as a decay procUict in a 
sequence starting from the artificial iso¬ 
tope thorium 23? [sec pogr 353], 

The short half-lives and inaccessibility 
of the francium isotopes have discour¬ 
aged chemical investigation of the cle¬ 
ment. It appears to behave like an al¬ 
kali element in solution; one item of 
note is that francium has groat volatility 
when tlie solution is evaporated to dry¬ 
ness and brought to a temperature of 
several hundred degrees. This is a prop¬ 
erty of alkali elements that begins to be 
prominent with cesium ami is accen¬ 
tuated with francium. 

Thus the gaps in the classical perimlic 
system. cxJvcring the elements from hy¬ 


drogen to uranium, are now completely 
filled. We turn next to the transuranium 
elements. 

Beyond Uranium 

The search for transuranium elements, 
a quest bom of scientific curiosity, was 
destined to be the trigger for a series 
of events which within a decade were 
to rock the world and burst upon the 
consciousness of every literate human 
being. These events, of course, were the 
discoveries that led to the exploitation 
of nuclear energy, in particular as a 
weapon of mass destruction. Other fun¬ 
damental scientific discoveries undoubt¬ 
edly have had equal or greater effect on 
mankind’s mode of existence in the past, 
but none literally exploded in his face 
as has this one. 

In 1934 Frederic and Irine Joliot- 
Curie of France made the exciting ob¬ 
servation that an ordinary stable ele¬ 
ment could be made radioactive by ir¬ 
radiating it with alpha particles of 
natural origin. This discovery of artificial 
radioactivity immediately stimulated 
research toward preparing radioactive 
forms of many elements. Two other ex¬ 
tremely important developments were 
taking place at about the same time. 
One was the development by E. O. 
Lawrence at the University of California 
of the cyclotron, which was soon able to 
accelerate charged particles to energies 
far beyond those of naturally occurring 
alpha particles. This discovery made it 
ossible to bombard and transmute the 
eavicr elements for the first time, for 
alpha particles from natural sources can 
penetrate the nuclei of only the lightest 
elements. The second development wa^ 
the discovery by James Chadwick of 
England of the neutron, an uncharged 
particle capable of entering any nucleus 
easily. Neutrons will literally fall into 
any nuclei at which they arc directed. 
Since neutrons could be prepared by 
directing radium alpha-particles at a 
light element such as beryllium, it be¬ 
came possible for anyone who could ac¬ 
quire 100 milligrams or so of radium to 
produce and study the transmutation of 
elements. Most prominent in such stu¬ 
dies was a group working with Enrico 
Fermi of Italy. Tncy soon found a means 
of preparing transuranium elements by 
malcing use of the great avidity of nuclei 
for neutrons. 

It was already known that if the heavi¬ 
est stable isotope of an clement captured 
a neutron, the nucleus became unstable 
and decayed to the next higher element 
by l>eta emission; this method, as wc 
have seen, can bo used to produce tech¬ 
netium from molybdenum and pro¬ 
methium from neodymium. Suppose 
this process were applied to uranium, the 
heaviest element. should capture a 
neutron and become a heavier isotope, 
which would be beta-unstable and 
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decay to element 93^a brand-new ele¬ 
ment outside the periodic table! When 
this experiment was tried» the experi* 
menters experienced a shock: instead of 
observing just one or two radioactivities 
horn the product, they found a be* 
wildering array of radioactivities. For 
some time it was thought that these ac¬ 
tivities must represent a number of new 
transuranium elements. Not until several 
years later was it recognized that the 
activities came from fission products. 
Thus the discovery of fission was a by¬ 
product of the search for transuranium 
elements. 

With poetic justice the actual dis¬ 
covery of the first transuranium ele* 
ment in turn resulted from experiments 
aimed at understanding the fission proc¬ 
ess. Several experimenters, including 
E. M. McMillan of the University of 
California, measured the energies of 
the two main fission fragments by ob- 
servirig the distances they traveled from 
each other as a result of their mutual 
recoil when the nucleus exploded. Mc¬ 
Millan noted that there was another 
radioactive product of the reaction, with 
a half-life of 2.3 days, which did not re¬ 
coil, at least not sufficiently to escape 
from the thin layer of fissioning uranium. 
He suspected that this was a product 
formed by neutron capture, which does 
not release much energy, rather than by 
fission. McMillan and P. H. Abelson 
early in 1940 deduced by chemical 
means that this product was sorely an 
isotope of element 93, arising by beta 
decay from U*’®. The latter had a half- 
life of 23 minutes. Element 93 was given 
the name neptunium (Np) because it 
was beyond uranium, just as the planet 
Neptune is beyond Uranus. 

About this time the possil^ity of a 
nuclear chain reaction and the produc¬ 
tion of transuranium elements for mili¬ 
tary use began to take shape. With the 
war already in progress, further work 
on the transuranium elements and re¬ 
lated subjects was conducted by physi¬ 
cists and chemists under self-imposed 
seaecy, at first informally and finally as 
an organized program. 

A neptunium isotope of great practical 
interest is discovered in 1942 by 

A. C. Wahl and Seaborg at the Univer¬ 
sity of California. It is verv Idng-lived 
(half-Ufe: two million years) and can be 
made in appreciable amounts as a by¬ 
product in tne uranium pile. Because it 
is relatively innocuous, it can be handled 
experimentally in principle like any nor- 
element. 

It was not obvious a priori what the 
electronic configuration and chemical 
properties of neptunium might be. 
Uranium was known to have some simi- 
l^ty to tungsten and it was thought that 
clement 93 might be a homologue of the 
next element above tungsten, rhenium. 
Yet there was also a possibility that ele¬ 
ment 93 might be a member of a new 


1 

223 

224 

225 

226 227 

228 

229 

230! 

231I232 

233 

234 

235 

URANIUM 












1 

/ 


PROTACTINIUM 


1 


1 

1 

1 



1 

1 

J 

Pom 

/ 

/ 

1 

7^ 


THORIUM 





Th» 

1 

> 



n 

1 1 
1 

1 



ACTINIUM 


1 

1 

/ 

\99% 

/ 

T 

/ 

r 








RADIUM 

1 

r 

/ 

/ 

1% 










FRANCIUM 

T 

7^ 






1 







NATURAL FRANCIUM is the result of rare branched decay of actinium 227. 
Ninety-nine per cent of Ac**’ decays by beta emission to ehorium 227. 
An almost negligible amount decays by alpha emission to francium 223. 
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SYNTHETIC FRANCIUM is made in appreciable quantity by irradiating 
thorium 232 with neutrons. The irradiation forms Th***, the starting point 
of this table. The decay proceeds through five other isotopes to francium 221. 
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transition series among the heavy ele* 
mcnts» similar to the rare>earth group. 
It turned out that neptunium bears no 
resemblance to rhenium. It is much more 
closely allied to its neighboring clement 
uranium. The evidence is mounting that 
all of the transuranium elements belong 
to a new transition series analogous to 
the rarC'Carth group. The transuranium 
elements parallel the rare earths in elec* 
tronic configuration and have some 
strong resemolances to them in chemical 
properties. Just as lanthanum is the pro* 
totype element for the rare-earth series, 
so actinium is the prototype for the 
heavy-clement series. Hence the new 
group may be called the actinide series. 
The memoers of this series known in na¬ 
ture-thorium, protactinium and urani¬ 
um—had not appeared to bo related 
chemically, but when the transuranium 
elements were studied latent similarities 
in the whole group began to appear. Be¬ 
cause of certain differences in chemical 
properties the theory that these ele¬ 
ments belong in one series is not ac¬ 
cepted by all chemists. It is possible to 
answer tne objections on the basis of a 
detailed analysis of the evidence, but 
this is not the place for such a discus¬ 
sion. 

Let us note a few points here, how¬ 
ever, on the chemical properties of 
these heavy elements as a group and 
their comparison with the rare earths. 
The rare-earth elements are predomi¬ 
nantly trivalcnt, or in what the chemist 
now calls the “plus three oxidation state.** 
(Most chemists now use the term “oxi¬ 
dation* to signify the removal or neutral¬ 
ization tlirough bond formation of an 


element s electrons, whether this is ac¬ 
complished by the specific method of 
adding oxygen or by any other means. 
“Oxidation state" is a somewhat more 
rigorous term for what we used to call 
the “valence" of an element) Only a 
few rare earths can be induced to as¬ 
sume oxidation states other than the 
trivalent and these with difficulty. The 
heavier elements, notably uranium, nep¬ 
tunium, plutonium and americium, are 
distinctly multivalent, with the trivalent 
state becoming progressively more stable 
along the series. Thus trivalent thorium 
cannot be obtained in aqueous solution; 
uranium can be reduced to this state 
only with difficulty; plutonium can be 
reduced to it fairly readily;'for americi¬ 
um it is the principal state, and for curi¬ 
um it is the only one known. 

The effort brought to bear on under¬ 
standing plutonium chemistry has ele¬ 
vated it to the status of one of the com¬ 
mon elements, insofar as knowledge of 
its chemical properties is concerned. 
The pronounced multivalent nature of 
an element such as plutonium makes it 
of great interest in chemical studies, for 
this single element affords means of ob¬ 
serving most of the phenomena of inor¬ 
ganic chemistry. Plutonium is perhaps 
unique in having four different oxidation 
states, which coexist in easily measurable 
concentrations in aqueous solutions. The 
color changes from one oxidation state 
to another afford a fitting visual accom¬ 
paniment to the curious existence of the 
many states. Plutonium in its trivalent 
state in solution is a beautiful pure blue; 
it changes to green or aml)cr (depending 
upon solution conditions) when oxidized 


to (he quadrivalent state. The next state, 
pentavalent plutonium, is colorless; the 
highest oxidation state, six, is bright yel¬ 
low. It is unfortunate that plutonium, 
because of its radioactivity, may nev'er 
be suitable material for classroom use, 
for it has 
material. 

Element 94 

After neptunium plutonium was of 
course the next element discovered; its 
name derives from the fact that Pluto is 
the next planet beyond Neptune. The 
work of McMillan and Abclson had 
shown that decayed by emission 

of beta particles; therefore the product 
should be the next higher element, num¬ 
ber 94. However, the new element de¬ 
cayed so slowly that it could not be 
definitely detected through its radioac¬ 
tivity. By the end of 1940 Scaborg, Mc¬ 
Millan, J. W. Kennedy and A. C. Wahl 
did discover element 94 by a somewhat 
different approach. By irradiating urani¬ 
um with deuterons they made a new 
isotope of neptunium which also de¬ 
cayed to plutonium, but in this case the 
plutonium was sufficiently short-lived to 
allow its detection. This isotope of plu¬ 
tonium has proved to be Pu*^**, with an 
alpha-decay half-life of 90 years, while 
that for Pu*’®, the first isotope made, is 
24,000 years. 

Armed with the information on the 
chemistry of the new transuranium ele¬ 
ments, Kennedy. Scaborg, Segre, and 
Wahl in 1941 were able to identify 
from strongly inadiated uranium 
and were able to prove that Pu®^® would 
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undergo fission with slow neutrons. The 
most intensive cyclotron irradiations 
ever made were then carried out, with 
the objective of synthesizing sufficient 
plutonium to determine certain prop¬ 
erties that could best be obtained with 
visible amounts. In September, 1942, 
B. B. Cunningham and L. B. Werner, 
working at the wartime Metallurgical 
Laboratory of the University of Chicago, 
isolated a few micrograms of Pu®^®. Thus 
plutonium became the first man-made 
element to be produced in visible quan¬ 
tities. 

The realization that plutonium could 
serve as a nuclear fuel like U*'**', and 
that it might be made in quantity in a 
nuclear chain reactor, resulted in man s 
first practice of alchemy on a production 
scale. Plutonium is the only S)’nlhetic ele¬ 
ment yet made in kilogram quantities. 
The huge plants at Hanford (and pre¬ 
sum al)ly other plants considerably west 
of Hanford) 4iredevoted to this task-the 
solid cmbotliment of ideiis which sound¬ 
ed utterly fant;istic a few years back. 

Beyond Plutonium 

After plutonium had been produced 
in quantity, the next higher elements, 
americium and curium, followed in 
short order. Based on methods worked 
out for producing neptunium and plu¬ 
tonium isotopes, principally by cyclo¬ 
tron bombardments of uranium, Sea¬ 
borg and co-workcrs discovered ele¬ 
ments 95 and 96 during 1944 and early 
1945. The speed of discovery of these 
element.^ was largely due to the accurate 
forecast of their chemical properties. 


Element 96, found by Seaborg, R. A. 
James and L. O. Morgan, was actually 
discovered before element 95. It was 
made by the bombardment of plutonium 
>vith alpha particles in a cyclotron. This 
produced an isotope of mass number 
242 with a half-life of half a year. Sea¬ 
borg, James, and A. Chiorso later pro¬ 
duced element 95 by first preparing 
Pu*^^, which decayed by beta emission 
to an isotope of element 95 with mass 
number 241 and a half-life of slightly 
less than 500 years. 

The names for elements 95 and 96 
were chosen with regard to their posi¬ 
tions in the periodic table according to 
the actinide concept. The c'orresponaing 
nire-eorth elements are europium and 
gadolinium, named in the one case for 
Europe and in the other for J. Gadolin, 
a Finnish pioneer in rare-earth chemis¬ 
try. Element 95 was accordingly named 
americium (Am) for the Americas, and 
clement 96 curium (Cm) in honor of 
Marie and Pierre Curie. 

Both americium and curium have 
been isolated in a pure state by tech¬ 
niques of ultramicrochemistry. Cunning¬ 
ham was the first to isolate visible 
amounts of americium. Using some iso¬ 
lated americium, it was possible to con¬ 
vert an appreciable percentage to cu¬ 
rium in a pile. From this Werner and 
Perlman obtained the first curium in the 
free state. The subsequent work with 
pure americium and curium has pro¬ 
vided abundant evidence for the similar¬ 
ity of these elements to their prototype, 
«ictinium. 

The elements so far discussed fill in 
the periodic table completely from hy¬ 


drogen through curium. If any new ele 
ments are to be added, they must lie 
above curium in atomic number. The 
beginning of 1950 saw the announce¬ 
ment of the discovery of the first trans- 
curium element, number 97, by S G. 
Thompson, Chiorso and Seaborg at 
Berkeley. In the naming of element 97, 
the same convention was used as for the 
preceding elements. The element in the 
rare-earth series that corresponds to ele¬ 
ment 97 is terbium, named for Ytterby, 
Sweden, where extensive rare-earth de¬ 
posits were found. It is therefore proper 
that the new element be called berkeli- 
um (Bk), in view of the role played by 
ihe University of California at Berkeley 
in the preparation of most of the syn¬ 
thetic elements. 

An isotope of l>erkelium was first pre¬ 
pared by the irradiation of a minute 
quantity of americium with cyclotron 
alpha-particIcs. Isolation of its radio¬ 
activity was accomplished in December. 
1949, culminating four years of work on 
the problem. 

Further new elements doubtless can 
be expected. The difficulty of finding 
new elements in the transuranium re¬ 
gion becomes increasingly severe, how¬ 
ever, principally because it becomes 
less and less likely that isotopes can be 
prepared with sufliciendy long half-lives 
to allow time for the intricate chemical 
separations. At what point more basic 
difficulties will arise cannot vet be said. 



and arrows) by transmuting natural isotopes into arti- alpha particle lose an atomic number of two and an 

ficial ones with such methods as pile and cyclotron bom- atomic weight of four. Those that emit a negative beta 

bardment. These artificial isotopes doubtless existed in particle gain an atomic number of one: thojic that emit 

nature at one time. Isotopes that decay by emitting an u positive beta particle lose an utomir number of one. 
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THE SYNTHETIC ELEMENTS II 


by Glenn T. Seaborg and Albert Ghiorso 


Since 1950, nuclear chemists have synthesized and 
detected elements 98 through 101. A few short*lived 
atoms have demonstrated their existence in each case. 


An atmosphere of gloom permeated 
/\ ihe laboratory that night, In the 
xJl. attempt to produce and identify 
element 101—the next step in the build¬ 
up of a sequence of man-made elements 
beyond uranium—we had carried out a 
number of very careful experiments, and 
all had failed. Now a last experiment 
was being tried, on the basis of what 
seemed only a. farfetched possibility. At 
best the minuscule sample of material we 
had prepared might contain one or two 
atoms of the elusive 101st element. 
There was some reason to believe that 
an atom of element 101 might decay in 
an hour or two into an atom of element 
100, which in turn might break up spon¬ 
taneously by the fission process. If this 
barely possible combination of events 
look place, the creation of clement 101 
would be signaled in an ionization 
chamber by a comparatively large pulse 
of ionization, produced by a fission frag¬ 
ment of its decay product, element 100. 

Wc watched with eyes fixed on a 
pulse recorder connected to the ioniza¬ 
tion chamber. An hour went by. The 
night dragged on toward dawn. The 
waiting seemed interminable. Then it 
happened! The recorder pen shot up to 
mid-scale and dropped back, leaving a 
neat red line which represented a large 
ionization pulse—10 times larger than 
would be produced by an alpha particle. 
No such pulse had been recorded from 
natural background radiation in test 
runs conducted for many days prior to 
the experiment. It looked highly prob¬ 
able that the pulse was indeed a signal 
of the hoped-for fission. The vigil con¬ 
tinued. An hour or so later the pen re¬ 
corded a second pulse like the first. We 
were now confident that wc had wit¬ 
nessed the decay of two atoms of ele¬ 
ment 101—and added a new mem¬ 

ber to the roster of chemical elements. 


This experiment was probably the 
most dramatic of the many that have 
been performed in the University of 
California Radiation Laboratory in the 
program of creating new elements. The 
discovery of element 101 was especially 
exciting because it was identified on the 
basis of only a couple of atoms, pro¬ 
duced by transmutation in an amount of 
target material itself so small that it was 
unweighable. New developments in the 
sensitivity of techniques had made the 
discovery possible, and this indeed has 
been the pattern of additions to the list 
of elements. Each discovery followed a 
period of advances in knowledge and 
methods of analysis. The synthetic ele¬ 
ments have been discovered in pairs, so 
to speak—elements 93 and 94 at nearly 
the same time, elements 95 and 96 some 
five or six years later, 97 and 98 four or 
five years later, and so on. After each 
pair of discoveries there was a period 
of mobilization of forces for the next 
search. The newly discovered elements 
had to be produced in appreciable 
amounts for transmutation to the next 
stage. Techniques and instruments had 
to be refined. 

In a previous article ["T'hc Synthetic 
Elements,"' by 1. Perlman and Glenn T. 


Seaborg; Scientific American Offprint 
242] the story of the creation of 
man-made elements was carried up to 
element 97. Here we shall deal with dis¬ 
coveries since then—elements 98 to 101 
—and the growing information about 
this strange family of heavy elements. 
The discovery and identification of these 
elements rests upon the fact that they 
are a family—moreover, a family whose 
members correspond, in chemical traits, 
to the members of another family of 
known and natural elements. This help¬ 
ful fact [originally pointed out hij Sco- 
borg in 1944 when the chemical proper¬ 
ties of the first synthetic elements, nep¬ 
tunium and plutonium, were deter¬ 
mined] makes it possible to predict the 
chemical properties of each transurani¬ 
um element before it is actually created. 
It was the key to the discovery of ele¬ 
ments 95 and 96 (americium and cu¬ 
rium), and without this clue the ele¬ 
ments beyond 96 could not have been 
discovered at all. 

The Actinide Family 

The family serving as the guide com¬ 
prises the so-callcd rare earths, mnning 
from lanthanum to lutetium—elements 


Editor's Note. 
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57 to 71. The series of heavier elements 
corresponding to this group begins with 
actinium (element 89) and includes 
thorium, protactinium, uranium and the 
transuranium elements up through the 
still undiscovered elements 102 and 103 
[see chart on next page]. Because the 
first member of the series is actinium, this 
family of elements are called actinides 
(as the rare earths are called lantha¬ 
nides). The family resemblance between 
the actinides and the lanthanides pro¬ 
vides a key to chemical separation and 
recognition of the individual transurani¬ 
um elements. A sensitive ion-exchange 
method has been developed to separate 
actinides in a mixture: the heaviest 
transuranium element comes out of the 
,xchange column first and the lighter 
ones follow it in succession. Thus it is 
possible to concentrate a newly made 
element for detection and analysis. 

Not only do the heavy elements show 
a pattern of chemical relationships, but 
a pattern has also emerged in their 
physical properties. In the past decade 
highly sensitive methods have been de¬ 
veloped for counting the alpha particles 
emitted by radioactive atoms and for 
measuring the energies of these particles 
accurately. Since each decaying isotope 
usually radiates its alpha particles pre¬ 
dominantly at a single, characteristic en¬ 
ergy. the accurate resolution of alpha 
energies makes it possible to identify 
isotopes simply by the energy of their 
alpha emission. Furthermore, the heavi¬ 
est elements show definite and regular 
patterns in this emission, so that it is 
now possible to predict fairly accurately 
the half-life and alpha-emission energy 
of a new isotope which one is seeking to 
synthesize. 

To this signature there has been 
added the identifying marker of spon¬ 
taneous fission, by which element 101 
wxs discovered. The energy of spontane¬ 
ous fission does not differ enough from 
one atom to another to distinguish be- 
twein them, but the half-life of such 
fission is characteristic for each atom: it 
varies in a regular manner with increas¬ 
ing atomic weight [see chart on page 
363]. We were able to jirediet the 
Spontaneous-fission half-life of the un¬ 
stable element 100 isotope to which ele¬ 
ment 101 decayed wouhl be two to tlirer 
orders of magnitu<le shorter than that of 
any known, and so it proved to be. 

We also have some knowledge now of 
the statistical probability of producing 
new isut<ipes wlien a given heav\' ele¬ 
ment is bombarded with particles of a 
given energy. Needless to say, all these 
ad values in knowledge of the systematic 


nuclear properties of heavy elements 
have been very important in the plan¬ 
ning of experiments aimed at finding 
new elements and isotopes. 

Elements 97 and 98 

We shall begin this account with ele¬ 
ments 97 and 98, which were discovered 
at the end of 1949 and the beginning of 
1950. To make them it was necessary to 
manufacture substantia] amounts of the 
two preceding synthetic elements, 95 
and 96. Those elements, americium and 
curium, are intensely radioactive. In or¬ 
der to detect the new elements to which 
they were transmuted, extremely effi¬ 
cient methods of separating the new 
products had to be develop^, so that 
their identifying radioactivity would not 
be drowned in the radioactivity of the 
parent elements. The separation of the 
dangerously radioactive materials re- 
quii^ the development of complicated 
remote-control apparahis. 

Element 95 (americium) was the 
starting material. It was made by bom¬ 
bardment of plutonium with neutrons. 
Intense bombardment of plutonium in 
reactors over a long period produced 
milligram amounts of element 95, and 
this ^en became the target material for 
the next steps. Bombarded with alpha 
particles accelerated to 35 million elec¬ 
tron volts in the 60-inch cyclotron at 
Berkeley, some of the atoms of element 
95 were transmuted to element 97. The 
new clement emerged in the form of an 
isotope which has the mass number 243 
(i.e., five more nucleons than uranium 
238) and a half-life of 4.6 hours. It de¬ 
cays primarily by the nucleus* capture 
of electrons from the electronic part of 


the atom^which is equivalent to emis¬ 
sion of positrons by the nucleus. 

Element 98, the next step, was pro¬ 
duced from element 96, which had l^n 
prepared in microgram amounts by 
bombardment of element 95 with neu¬ 
trons. The transmutation of 96 to 98, 
like that of 95 to 97, was accomplished 
with 35-Mev alpha particles from the 
60-inch cyclotron. It yielded an element 
98 isotope with the mass number 245 
and a half-life of 45 minutes. This new 
element was identified on the basis of a 
tiny amount which came to only about 
5,000 atoms—less than the number of 
students at the University of California! 

After the discovery of elements 97 and 
98, it was found that longer-lived iso¬ 
topes of them could be made, in substan- 
ti^ quantities, by neutron irradiation of 
plutonium, americium and curium, 
which builds up the heavier elements by 
a series of neutron captures. Eight iso¬ 
topes of element 97 and II of element 
98 have now been manufactured, and 
the long-lived isotopes are available in 
sufficient amounts for study of the ele¬ 
ments* chemical properties on a macro¬ 
scopic scale. One isotope of element 98 
(252) decays in part by spontaneous 
fission. Since fission always releases some 
free neutrons, this isotope offers the pos¬ 
sibility of use as a tiny, portable source 
of neutrons for experimental work. 

The member of the rare-earth family 
that is analogous to element 97 is ter¬ 
bium (Tb), named for the town of 
Ytterby in Sweden, where it was found. 
Element 97 therefore was given the 
name berkelium (Bk), after Berkeley. 
But in naming element 98, whose rare- 
earth analogue is dysprosium (Dy). the 
discoverers departed from precedent and 


THE PERIODIC TABLE ai ihe boiiom of the opposite presents Ihe 101 nalaral and 
5ynlhelic elements in horiconlal rows to display the similarities in their chemical proper¬ 
ties. Elements of similar chemical properties ore connected by the lines running from top 
to bottom. Above the symbol for each element is its atomie number, i.e^ the number of 
positive charges in its nucleus or the number of electrons bound by them. The 13 synthetic 
elements are indicated by the solid colored rectangles. The positions of synthetic elements 
not yet discovered are indicated by the open colored reciongles. In each horiaonlal row is 
one or more colored brackets designated Is, 2s, 2p and so on. Each of these brackets denotes 
the filling of o shell of electrons—more properly a subshell—in the succession of the ele¬ 
ments. The e]ectron«sheU structures of two synthetic elements are given in Ihe schematic 
drawings at the lop of the page. In X-ray terminology the shells are designated K, L, M, N, 
O. P and Q. In spectrographic terminology they are designated I, 2, 3, 4, S, 6 and 7. The 
spectrographic subshelU are designated s« p, d and f. The maximum number of electrons 
i bhick dels I in any s subshell is two, in any p subsbell six, in any d subshell 10 and in any f 
lubshell 14. The number of electrons in each subshell is indicated by a superscript number; 
for example, 7s^ in ilie outermost subshell of einsteinium (E) indicates that there are two 
electrons in the s subshell of shell 7. In most of the elements all of the inner subshells are 
filled. The case of the transuranium elements (elements 93 to 101 > is more complex. In the 
rare-earth scries from element $8 (cerium) to element 71 (lutetium) the number of Sd and 
6s electrons remains approximately the same; in suceessive elements electrons are added 
in the 4f subshell. The iransnraniuin elements belong to a series similar to the rare earths* 
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chose the name califoniium (Cf). In an- 
nouocmg the ciiscovcrv' in The Physical 
Revu'w thev remarked. ‘The best we 
can do is point out, in recognition of the 
fact that dysprosium is named on the 
basis of a Greek word meaning ‘difficult 
to get at.' that the searchers for another 
element a centurv* ago found it difficult 
to get to California.** 

As we have poitited out. the new ele¬ 
ments were identified chemically by 
their behavior m an ion-exchange col¬ 
umn. In the drops collected at the bot¬ 


tom of the column the heaviest element 
of a series comes out first and the fol- 
louing drops carry the other members 
of the scries in order of decreasing 
atomic number. For any given element, 
the successive drops have increasing and 
then decreasing amounts of the sub¬ 
stance (the amount being measured by 
radioactivity). This information is pre¬ 
sented in the form of curves on a chart. 
In tu’o charts shovsTi here [see next page] 
we have plotted this information for the 
transuranium elements and for their 


analogues in the rare-earth series. Tlic 
plots bring out clearly the chemical cor¬ 
respondence between elements in the 
two groups. 

99 and 100 

Elements 99 and 100. the next two 
elements found, represent an outstand¬ 
ing example of unexpected, and inci¬ 
dental discover\ . Thev were discovered 
in debris from the test thermonuclear ex¬ 
plosion of November, 1952, in the 



itlN FXt i. to Irjrtioniilr a mixlurr of 

urjniuni Fbr rr«in lo «ffn tn iho bottom \ij\i uf the- 

ront.iined in th<* largrr vr««rl aX thr Irfi, \ Aoluiion of ihr mix* 
tiirr |»oiir«'<l into tlir to|> of lb«* tube. Km h of iu ronMilurnl* 
p«]*>**'*« ihron^h ihr tr^m .il u c liiir.M Icri-lfi r.Ht* ihr lon^lilu* 


rnl*< rmrrgf in i^eqnonrc from ibe bollom of lh<* lube. They ore 
^epar.ile by mean^ of the turnlable below tbe tube. .4^ each 
drop of )»olution einerge*« from the lube and fjlU on a ^mall metal 
di«k. the lurnlabic rotjlen to brinpi nnolher diftk into position. 
The drop r.>n now hr ;mal>zed by it« chemi^^iry and radioacliviiy. 
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cific (“Operation Mike“). Materia! col¬ 
lected on filter paper by drone airplanes 
fiying through the explosion clou^ and 
later in the “fallout” on a neighboring 
atoU» was brought to a number of U. S. 
laboratories for chemical investigation. 
At the Argonne National Laboratory and 
the Los Alamos Scientific Laboratory it 
was found to contain some new heavy 
isotopes of plutonium. This suggested 
that new elements might have been 
built up from uranium by many succes¬ 
sive captures of neutrons in the explo¬ 
sion, and we undertook at Berkeley to 
look for elements beyond 98 in the ma¬ 
terial. Ion-exchange experiments imme¬ 
diately brought one to light. To identify 
it, more material was called for, and 
many hundreds of pounds of coral were 
collected from an atoll near the explo¬ 
sion area and worked over. The material 
was given the nonsecret code name of 
“Paydirt"! Paydirt it proved to be, for it 
led to the positive identification of iso¬ 
topes of elements 99 and 100 [see chart 
on next page]. The first identification of 
element 100 was made with only about 
200 atoms. The large group of investi¬ 
gators at Berkeley, Argonne and Los 
Alamos who took part in the work pro¬ 
posed for element 99 the name einstein¬ 
ium (E), in honor of Albert Einstein, 
and for element 100 the name fermium 
(Fm) in honor of the father of the 
atomic age, Enrico Fermi. 

Before these discoveries were declassi¬ 
fied and announced to the world, ele¬ 
ments 99 and 100 were produced by a 
number of other methods. Chief among 
these was prolonged irradiation of plu¬ 
tonium with an extremely high flux of 
neutrons in the Materials Testing Reac¬ 
tor at Arco, Idaho. The complex series 
of nuclear reactions (neutron captures 
and decays) that leads to formation of 
the elements up to 100, both in the re¬ 
actor and in the “Mike" explosion, are 
shown in an accompanying chart [see 
page 564]. To produce these isotopes 
in a reactor it is necessary to bombard 
gram quantities of plutonium for two or 
three years; in the fusion-fission explo¬ 
sion the parent isotopes are created from 
uranium in a matter of microseconds. 

Only tracer amounts of einsteinium 
and fermium have been available for in¬ 
vestigation of their chemical properties. 
However, there is an isotope of einstein¬ 
ium which has a half-life of about 270 
days, so it should be possible to isolate 
weighable amounts of this isotope, and 
substantial quantities of others may be 
produced by very long and intense neu¬ 
tron bombardment of large amounts of 
preceding elements. But it appears that 
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10N*EXCHANGE IDENTIFICATION of californium (Cf> and berkcUuro (Bk) h pre- 
Mnled in the bottom chart. The horizontal coordinate t» the number of drops of solution 
emerging from an ion<xclunge column containing a mixture of the tranauranium elements 
californium, berkelium, curium (Cm) and americium (Am). The vertical coordinate ia 
the amount of radioactivity in each sample (colored dot ). The top chart ihow# the position 
of the lanthanide rare earths chemically analogous to the transuranium elements: thulium 
(Tm), erbium (Er), holmium (Ho), dyiprosium (Dy), terbium (Tb), gadolinium (Cd) 
and europium (Eu). Europium, for example, hai chemical properties resembling those of 
americium, which appears directly below it in the bottom chort. By thi« onalogy the posi¬ 
tion* of mendelevium (Mv), fermium (Fm) and einueiniuro lE) were predicted (broken 
curve*).The horizontal coordinate of the top chart (hours) differs from that of the bottom 
chart (dfop$ of solution) for the reason that much larger quantities of solution were used 
to aeparate the lanthanide rare earths. Actually the coordinates are comparable. The lan¬ 
thanide rare earths are not naturally radioactive; they were mode artihcially radioactive 
by bomh<irdment with neutrons in a reactor to simplify the process of their identification. 
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EINSTEINIUM AND FERMIUM (E and Fm) were ^paraled by ton exchange from cali¬ 
fornium iCf), the berkelium isotope of mass number 249 fBk-249)« curium (Cm) and 
americium < Am). They were detected by their radioactivity. They could be distinguished 
in the ionization chamber by the energies of the particles emitted in their radioactive decay. 



MENDELEVIUM (Mv) was sirtiiUrly separated but was detected by the spontaneous fission 
of its daughter atoms. The open bars indicote the number of fissions in samples emerging 
from the ion-exchongc column in the order expected of mendelcvium and fermium (Fm). 
The gray bars indicote the fission activity of other samples. The curves lor einsteinium 253 
tE-2S3) and californium 246 <Cf*246) ore based not on fission activity but on alpha-particle 
activity. The shape of the curves covers measurement of the octivily of many samples. 


einsteinium is the heaviest element it 
will be possible to isolate in visible 
(juantities. 


Element 101 

The discovery of element 101, as we 
related at the beginning of this article, 
was in many ways the most difficult and 
most exciting of all. We decided to make 
the attempt before there was even a 
weighable amount of the target mate- 
rial—einsteinium (element 99). The 
plan of attack was to bombard the iso¬ 
tope einsteinium 253 with the most in¬ 
tense beam of alpha particles achievable 
by the Berkeley 60-jnch cyclotron. All 
the target material available (from the 
Arco reactor) amounted to only about a 
billion atoms. We estimated that the ele¬ 
ment 101 isotope created would have a 
half-life of only 10 minutes. It could be 
calculated that bombardment of the bil¬ 
lion atoms of einsteinium Nvith the alpha- 
particle beam for several hours would 
yield one detectable atom of the new 
element! This single atom would have 
to be separated from the billion atoms of 
einsteinium and identified by the ion-ex¬ 
change method in less than 10 minutes. 

These recjuirements indicated a des¬ 
perate need for new technujues, together 
with some luck, and fortunately both 
were forthcoming. The atlvance in tech- 
ni<|ue was a new method for separating 
the transmuted element from the target 
material. The einsteinium target was 
prepared in the fonn of an invisibly thin 
layer electroplated on a gold foil, and 
the alpha-particle beam bombarded this 
layer after traversing the foil. Atoms of 
element 101 produced in the layer 
would recoil, because of the impact of 
the alpha particles that eHected the 
transmutations. The recoiling atoms 
were caught on a second gold foil. This 
foil, containing the new atoms and rela¬ 
tively free of einsteinium, was dissolved, 
and the nesv atoms were then isolated 
by means of the ion-exchange column. 

We first tried to identify element 101 
by its decay emission of alpha particles. 
But we were unable to delect any alpha 
activity that could be attributed to ele¬ 
ment 101, even when the time beUveen 
the end of bombardment and the begin¬ 
ning of the alpha-particle analysis was 
reduced to five minutes. One of our per¬ 
sistent troubles was that the decav of 
radon, the rare radioactive gas in the 
earth s atmosphere, releases alpha par¬ 
ticles with about the same energy as that 
expected for the isotope of element 101. 
Moreover, the radon decay product in 
ejuestion comes out of an ion exchange 
column at about the place expected for 
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element 101! With this type of compe¬ 
tition it very difficult to single out a 
101 decay and be sure it was genuine. 

Nevertheless, one of these first exper¬ 
iments yielded an event of great signifi¬ 
cance, as it turned out. Our counter re¬ 
corded what seemed to be a spontane¬ 
ous fission! Although we could not be 
absolutely sure of it, we conjectured that 
if the event were indeed a spontaneous 
fission, it might indicate the formation 
of a new, very short-lived isotope of ele¬ 
ment 100 from the decay of 101. If that 
were so, the event might be a means of 
detecting the existence of 101. 

What seemed at the time only a re¬ 
mote possibility turned out to be an 
actuality. The experiment was revised 
to look for spontaneous fissions rather 
than for alpha emissions. The trouble¬ 
some background interference was now 
reduced to zero, and the chances of re¬ 
cording fissions in the counter were 
twice as good as for alpha particles. It 
turned out that the half-life of the 101 
isotope was closer to an hour than to 10 
minutes, as we had estimated, but this 
gain was counteracted by the fact that 
the probability of formation of the ele¬ 
ment was considerably smaller than we 
had thought. The net result was that on 
the average it was possible to make only 
one of these new atoms in each experi¬ 
ment: sometimes there were two, some¬ 
times none. A huge fire bell in the hall 
of the chemistry building was connected 
to the counting circuit, so that each of 
these rare events pealed a loud clang of 
rejoicing. But this sport was put to a 
justifiable end when it came to the at¬ 
tention of the fire department. 

Could the chemical behavior of one 
or two atoms faithfully reflect the chem¬ 
istry of the new element? We decided 
that, under the conditions of our experi¬ 
ments, it actually did so, because each 
atom went through the same chemical 
reactions (adsorption and dissolution) 
perhaps a thousand times during its 
travel down the ion-exchange column. 
In other words, we had a substantial 
statistical sample of its behavior. 

The definitive experiments that estab¬ 
lished the discovery of element 101 were 
performed in a memorable all-night ses¬ 
sion. The group bombarded three sepa¬ 
rate targets of einsteinium for three 
hours each, and then quickly separated 
the transmutation products by the ion- 
exchange method. In each case there 
was some einsteinium, californium and 
curium in the mixture in the column, so 
that it was possible to define the posi¬ 
tions in which the elements came off the 
column. Measuring simultaneously with 
five counters, we detected five spontane¬ 


ous fissions in the drops containing ele¬ 
ment 101 and eight in those in the posi¬ 
tion of element 100, but none in any 
other position [see chart at bottom of 
page 362], 

By combining the results of all the 
experiments we deduced that the ele¬ 
ment 101 isotope has the mass number 
256, that it decays by capturing an 
orbital electron with a half-life of the 
order of a half-hour, and that the decay 


product, the element 100 isotope desig¬ 
nated as fermium 256, breaks down by 
spontaneous fission with a half-life of 
about three hours. 

The group taking part in the discov- 
ery suggested that element 101 be 
named mendelevium, in recognition of 
the great Russian chemist Dmitri Men¬ 
deleyev, who was the first to use the 
periodic system of the elements to pre¬ 
dict the chemical properties of undis- 
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TIME REQUIRED FOR THE SPONTANEOUS FISSION of undiscovered i»olopcs can he 
predicted on the barit of the time required for the fietion of known i»o(opc». The round 
colored dot* in thu chart indicaie the Btsion halMives of known isotopes with various num* 
berr of neutrons. The solid curves are based on these points, and suggest where the fission 
half-lives of undiscovered isotopes will fall. The square colored dots represent anomalous 
observations. The arrow above the point for fermium 25$ (Fm*2$5) indicates that iu hssion 
balMife is at least this long. The broken curves similarly plot the lime it lakes various 
elements to decay by emitting an alpha particle. These loiter curves are bused on actual 
observations except for the undiscovered elements 102 and 104. The heavy vertical colored 
line is at 152 neutrons, the point at which fission halMife of isotopes abruptly decreases. 
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covered elements—a principle which has 
been the key to the discovery of the last 
seven transuranium elements. 

With larger amounts of einsteinium in 
the target, it is now possible to produce 
more than 100 atoms of mendelevium 
at a time. The decay of mendelevium 


256 to fermium 256 has been proved by 
chemical methods. There is an accumu¬ 
lation of evidence that mendelevium is 
a typical member of the actinide family^ 
ionizing to the **tripositive** state (t.e., a 
triple positive charge), and that it has 
the expected chemical kinship to thuli¬ 


um, its counterpart in the rare-earth 
family. 

We would like to record here a tribute 
to one of the unsung members of our 
team, G. Bernard Rossi. His untimely 
death early in 1956 is a great loss to the 
Radiation Laboratory. He was chiefly 
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LINSTEINIl M AND f ERMIl'M \%crc firtl made Ky nrquenres of 
nuclear re.iclions in che “Operalion Mike*' iheriiionuclear explo¬ 
sion and lalcr in ihe Muteraab Telling Rcorlor at Arco, Idaho. In 
Uiis chart ihc elenienls are li^ed vertically nreording to their 
atomic number; the i(*oio]>C9 of llie elements ore liMed horizontally 
according to their inasf* number, or atomic v^eight. In the thermo- 
iMirlcar explorion the stufling material hub ordinary uranium 
< I-2381. By the in^ianlaneoiis .iddilion of neutrons in the explo¬ 
sion this built up into a uhole sequence of uranium isotope's 
from L-239 to L-2$S ihotiom rvti K Thc^e rapidly decayed by the 
embrion of negative beta i>arti€le9 into the i»otope» above them 
i broken volorai UnesK In the Mnlcriab Testing Reactor the start¬ 


ing material was plutonium tPu) 239, which had already been 
made from U-238. By adding two neutrons Pu-239 was transmuted 
into Pu-241, which decayed into omcriciuni (Am) 241. This isotope 
was in turn built up by the addition of neutrons and so on, follow¬ 
ing the solid colored lines in the chart. The isoto|>cs of einsteinium 
and fermium that are not on the |>aibw*ays were made later by other 
processes. Some of the {uithways in this sequence of reactions are 
alternative, but they all end at the same point: fermium (Fm) 256. 
The small black arrows pointing up indicate tliat these isotopes de¬ 
cay up the scale of elements by the emission of a negative beta par¬ 
ticle. The black arrows pointing down indicate that these isotopes 
decay down the scale by capture of electrons outside the nucleus. 
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responsible for the more or less continu* 
ous modification of the 60-inch cvclolron 
which has been necessary for the suc¬ 
cessful completion of so many of our 
group’s research efforts. For the mende- 
Icvium work he improved the operation 

of the 60-inch cyclotron so as to obtain 

✓ 

a useful high-densitv beam. The success¬ 
ful experiments were due in large meas¬ 
ure to his accomplishment of this task. 

Beyond Mcndclevium 

In the 15 years since the discovery of 
the first transuranium clement, about six 
dozen radioactive isotopes of new ele¬ 
ments beyond uranium have been made 
bv man. From this work nuclear scien- 
tists have learned so much .iboiit the 
radioactive decay of heavw elements that 
they can now generally predict the de¬ 
cay properties of new isotopes before 
their discovery. They have also learned 
that among the very heaviest elements, 
beginning with fermium, decay hv spon¬ 
taneous fission begms to become al)out 
as c'ommon as decay by emission of alpha 
particles. They have found that for both 
alpha and spontaneous fission decay, 
j)r<*<lictahle regularities are most easilv 
<liscerinl)le in nuclei with an even num¬ 
ber of protons and an even number of 
neutrons. Isotopes with an od<l number 
of protons or an odd number of neutrons 
or an odd mimher of both have slower 
rates of decay th.ui do those of the reg¬ 
ular, <*vcn tvpc. 

W’lth these consideratiems in min<l. let 

IIS have a look at what the future may 

• 

hold. Unfortunately the half-lives seem 
to become shr^rter and shorter with in- 
<Teasing atomic nuinher. Bv the time ele¬ 
ments 164 and 105 ar<* riMcliech we shall 
prnhably find tliaf the longest-lived iso¬ 
topes tli.it can he made will exist harelv 
long <*nough to e nable chemical identifi- 
< alion to be made It is likelv that tliere- 
alter we shall liast* to relv eiitirelv on 
pr<*<h< le<l decay |H<jp<*rties. rather fliaii 
on elu rnu al ideritifii ation. lor the dis- 
cov< r\ t)l an\ lui (her elements ( areiul 
rneasiir< in<'nts of tliese prr)p<Ttie\ should 
allow ns to esteru! tlie list u[) to aliout 
eli’rnent lOS 

Mow ni.is tlu^se li<*a\'', elements be 
s\iitliesi/<'<|y '1 Ik inetlioci ot bnil<l-np b\ 
niuUipU* nenfrr>n additions sr< ms to lioki 
hole [uoToise b'l m.il ing <4ements be- 
\ori<I liTinium lx c ause soTue of tfie nei - 
essary ste jis ai<' too short-h\ed I'lX cv- 
.iriipkv the isotope fetmiuni 2.58 w ill 
piol).tbl\ have a lialf lif<‘ of onl\ about 
one minute. It will not aciuniiilate* (o 
su(fi('K*nt ('oiu laitr.itinn to continue tlx* 
bmki-iip jiKOu c* 

lMjrtuM.it(‘K tb('Je IN a t\pe of mu leai 



IONIZATION CHAMBER measures the energy of particles emitted by radioactive atoms. 
It docs so by emitting a pulse of electric current, the strength of which is proportional to 
the energs of the particle. In the photograph at the top a disk of the kind shown on 
page 360 is inserted into the ionization chamber. The drop of solution on the surface of 
the disk has been dried. At the right in the photograph bclosv is the instrument which 
anabzes the pulses emitted by the chamber. The chamber is at left in this photograph. 
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reaction that does seem to offer hope 
for the production of heavier elements. 
This is the method of bombardment with 
projectiles heavier than alpha particles, 
which are helium nuclei. For example, 
isotopes of californium, einsteinium and 
fermium have already been produced 


by bombardment of uranium with nuclei 
of carbon, nitrogen and oxygen, respec¬ 
tively. These nuclei can be accelerated 
in cyclotrons of the conventional type, 
and the University of California and 
Yale University are building linear ac¬ 
celerators which will be devoted exclu¬ 


sively to the acceleration of heavy ions 
to energies sufficient to allow them to 
transmute the heaviest elements. The 
two machines are designed to produce 
rather substantial beams of all the nuclei 
up to neon, and possibly will be «able to 
give usable beams of nuclei as heavy* 
as argon. 

The prediction of the chemical prop¬ 
erties of the undiscovered elements be¬ 
yond mendelevium seems to be quite 
straightforward. Elements 102 and 103. 
corresponding to ytterbium and lutetium 
in the rare-earth series, should complete 
the actinide group. This will involve 
filling whul is known as the 5f shell of 
electrons, which, like the last shell (^f) 
of the rare-earth group, has 14 places. 
It is expected that element 104 will be¬ 
gin a new series, whose members will 
correspond to hafnium, tantalum, tung¬ 
sten and so on. as the periodic table 
shown indicates [sec page 359). This 
series would end with the filling of the 
6d electronic shell. The next senes, as¬ 
suming that heavier elements could he 
found (which, as we have noted, is ver> 
doubtful), would have a 7p shell and 
would close with hypothetical element 
118. The chemical properties of all of 
these elements can be estimated from 
their postulated positions in the peritnlic 
’•table. 

Thus the current chapter in the stors 
of the synthetic elements has not \et 
come to its end. It is the hope of the au¬ 
thors that this article will alreadv be out 
of date hv the time many of our readers 
see it, because of the di.sc'oven of ele* 
ments l>evond mendelevium. The cxcit- 
ing field of modem alchemy is procee<l- 
ing at such a pace that this possibdits 
doe.s not seem at all unlikely. 



CYCLOTRON TARGET of Bpocial deiign was used to bombard einsteinium in such a 
way that the tncndelevium produced by the bombardment would be separated from it. The 
einsteinium was plated on gold foil; when the foil was bombarded in the cyclotron a few 
atoms of einsteinium were transmuted lo mendelevium. The energy of the trannmuting 
particles was suflicienl to knock the atoms of mendelevium through the foil and deposit 
them on a second foil. Here the second foil is removed. The hist foil is within the assembly. 
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THE ANTI-PROTON 


by Emilio Segr6 and Clyde C. Wiegand 


A quarter-century ago physical theory pointed to the existence 
of a fundamental particle of matter with the mass of a proton 
but the opposite charge. An account of its discovery in 1955. 


I n the past 10 years physicists have 
discovered many "elementary” par- 
Kcles (though we must frankly ad¬ 
mit that we do not really know how to 
define an "elementary particle”). Not 
all of these discoveries have come un¬ 
heralded. One might suppose that the 
only way to discover a particle should 
be by experiment* but this is not so* al¬ 
though of course experiment is the judge 
of resort. Sometimes theoretical 
physicists* from hypothetical equations 
and calculations with pencil and paper* 
have predicted the existence of particles 
that had never been seen. These pre¬ 
dictions* however strange some of them 
may seem, arise from a necessity to pre¬ 
serve basic principles which form the 
foundation of our present understanding 
of the physical universe. When neces¬ 
sary, physicists have been willing to en¬ 
tertain the existence of something never 
seen rather than to imperil these firmly 
established foundations. This article is 
the story of how such a prediction was 
verified. 

A quarter of a century ago P. A. M. 
Dirac of the University of Cambridge 
developed an equation* based on the 
most general principles of relativity and 
quantum mechanics, which described in 
a quantitative way various properties of 
the electron. He had to put in only the 
charge and mass of the electron—and 
then ib spin* its associated magnetic mo¬ 
ment and its behavior in the hydrogen 
atom followed with mathematical neces¬ 
sity. The fact that all this could be ob¬ 
tained automatically from one equation 
without ad hoc assumptions for each 
property was such a spectacular success 
that great faith was put in Dirac's equa¬ 


tion and the theory on which it was 
based. Its discoverer found, however* 
that the equation required the existence 
of both positive and negative electrons: 
that is* it described not onl) the known 
negative electron but also an exactly 
symmetrical particle which was identical 
with the electron in every way except 
that its charge was positive instead of 
negative. It proved impossible to pre¬ 
vent Dirac's theory from giving both 
types of solutions. This meant that either 
Dirac's theory was wrong or there must 
be a positive electron which no physicist 
had ever detected or even suspected up 
to that time. 

A few years after Dirac s prediction, 
Carl D. Anderson of the California InsU- 
hile of Technology found positive elec- 

N 


irons (positrons) among the particles 
produced by cosmic rays in a cloud 
chamber. This discovery not only was a 
triumph for Dirac's theory but also set 
physicists oS on a new and more formi¬ 
dable search for another hypothetical 
particle—a search which was to take 
some 25 years and which was finally re¬ 
warded only a few months ago. 

T^irac's general equation, slightly modi- 
^ fied, should be applicable to the 
proton as well as to the electron. In this 
instance too it predicts the existence of 
an anti-particle—an antiproton identical 
to the proton but with a negative in¬ 
stead of a positive charge. The unknown 
particle's symmetry to the proton clearly 
defines some of its pro|>erties, A particle 

S 

I 




I I 

S N 

PROTON may be regarded at a spinnini iphere weighing 1.6724 x grnme. It has 
potlltve eleetnc charge and, ai a consequence of Its rotation* north and south magnetic poles. 
The antiproton (right) liaa the same spin and mass, it hat the same omonni of electric 
charge* but of the oppotite tign. lit north and touih magnetic poles arc timilarly reverted. 
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BEVATRON at the Univ«r6ity ot Californio produced anliproton» by accelerating protona 
to 6.2 billion electron volt^. Tliii schematic plan view shows the four magnet^nclosed seg¬ 
ments in which the protons arc accelerated. The radius of each segment is 50 feet. The pro¬ 
tons are injected into the machine by two accelerators at the top. The copper target in which 
the anliprotons arc produced is represented by the heavy vertical line at the bottom right. 


in order to have the right to be called 
an antiproton: (1) must have the same 
mass as a proton (1.6724 X l()“ 2 t 
grams); (2) must have an equal charge 
of opposite sign (4.8028 X elec¬ 

trostatic units); (3) must be stable, in 
the sense that it will not decay spontane¬ 
ously into a different particle and will 
last forever in a vaeiuim; (4) must dis¬ 
appear in u mutual annihilation when it 
encounters a proton or a neutron, lilicr- 
ating energy equivalent to the mass of 
the two particles; (5) is never generated 
separately hut only in a pair witli a pro¬ 
ton or neutron; and (6) must have an 
angular momentum (spin) tMjual to that 
of the proton. Like the proton, an anti- 
proton must also liave a magnetic mo¬ 
ment (Le., behave like a little magnet), 
and when it spins in the same direction 
as a proton its magnetic moment is equal 


in magnitude but of opposite sign to that 
of the proton; that is, the ‘"north and 
south'* poles are reversed. 

With all these clues, physicists natu¬ 
rally began an intensive search for the 
antiproton. Since it was apparent that 
creation of the particle required tre¬ 
mendous energy, the most likely place 
to look for it was in cosmic rays. On 
a few occasions investigators found 
events which seemed to signal the gener¬ 
ation of an antiproton, but there was 
never sufficient information to identify it 
witli certainty. The cjuestion then arose 
as to how much energy would be needed 
to create antiprotons in (he laboratory 
with an accelerator. 

Because an antiproton can be created 
only in a pair with a proton, wc need at 
least the energy equivalent to the mass 
of two protons. Albert Einstein’s theo¬ 


rem, E = mc^, tells us that this amounts 
to 2 X 938, or 1,876 million electron 
volts (I.e., about two billion electron 
volts). However, we need much more 
than two Bev in the proposed laboratory 
experiment. To convert energy into par¬ 
ticles we must concentrate the energy 
at a point; this is best accomplished by 
hurling a high-energy particle at a tar¬ 
get—e.g., a proton against a proton. 
After the collision we shall have four 
particles: the t\vo original protons plus 
the newly created proton-antiproton 
pair. Each of the four will emerge from 
the collision with a kinetic energy 
amounting to about one Bev. Thus the 
generation of an antiproton by this 
method takes t\vo Bev (creation of the 
proton-antiproton pair) plus four Bev 
(the kinetic energy of the four emerg¬ 
ing particles). It was Nvjth these num¬ 
bers in mind that the Bevatron at the 
University of California was designed. 
It was built to accelerate protons to a 
kinetic energy of more than six Bev, 
with the hope of producing antiprotons. 

VY/hen the Bevatron began to bombard 
” a target made of copper with six- 
Bev protons, the next problem was to de¬ 
tect and identify any antiprotons cre¬ 
ated. A plan for the search was devised 
by Owen Chamberlain, Thomas Ypsi- 
lantis and the authors of this article. 
The plan was based on three properties 
which could conveniently be deter¬ 
mined. First, the stability of the particle 
meant that it should live long enough to 
pass through a long apparatus. Second, 
its negative charge could be identified 
by the direction of deflection of the par¬ 
ticle by an applied magnetic field, and 
the magnitude of its charge could be 
gauged by the amount of ionization it 
produced along its path. Third, its mass 
could be calculated from the curve of its 


EXPERIMENTAL SETUP which demon- 
»iraKed the existence of the antiproton is de¬ 
picted on opposite page. The colored line at 
the top is the orbit of the protons in the 
Bevniron. The path of the anliprotons ond 
other particles produced in the t.irgel U 
traced by the colored line from upper right 
to lower left. From the target to the last scin- 
lillolion counter the particles travel 80 feel. 
At the lower right the vorious events of the 
experiment are represented by their charac¬ 
teristic cathode ray traces. Above the center 
of the diagram is the coucreK shield of the 
Bevatron. The prisms and lenses superim¬ 
posed with broken lines on the four magnets 
symbolize their function. The experiment is 
described In dcloil by the text of this article. 
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NUCLEAR EMULSION PHOTOGRAPH reproduced by tracing shows the death of an anti« 
proton (p**) in a ^$lar** of pi mesons (tt) and hydrogen nuclei <H). One of the pi mesons 
decayed into an electron <e); another into a tnu meson (^) and an electron 


trajectory in a given magnetic field if its 
velocity was known. 

The trajectory of a charged particle in 
a magnetic field depends on its momen* 
turn: once the trajectory is known, the 
Tnomentum can be calculated. Now if 
we also measure the velocity of the par« 
tide (say by timing its travel between 
two given points in the apparatus), we 
can compute the mass from the momcn* 
turn and velocity, using the relativistic 
e(]untion which connects momentum, 
rest mass and velocity. 

All this sounds very simple, but the 
main difficulty in the experiment arises 
from a complication which we have thus 
far neglected to mention. When the 
beam of 6.2-Bcv protons hits the target, 
it generates a great many other particles 
which have the same momentum as the 
antiprotons. Most of them are mesons, 
tlie particles supposed to represent the 
cement that hold.s the nucleons together 
in the nucleus. It turned out that there 
were about 40,000 mesons for each rare 
antiproton in the stream of emerging 
particles focused by our magnets. Tlie 
mesons follow exactly the same trajec- 
lory as the antiprolons. but they arc 
lighter and travel with a velocity prac¬ 
tically identical to that of light, whereas 
the heavier antiproton moves with 78 
[)cr cent of the velocity of light. The 
prol)lem was to pick out of the stream 
the occasional heavy particle (one in 
40,000) moving with the right velocity 
to l)e an antiproton. 

An extensive array of bending mag¬ 
nets. magnetic focusing lenses and de¬ 
tectors was set up to comb out antipro¬ 
tons [see diofiravi on page 37J]. From 


the spray of charged particles emerging 
from the copper target a bending mag* 
net first sorted out the negatively 
charged particles of the desired mo¬ 
mentum, bending them in a particular 
trajectory. This stream was then focused 
by a magnetic lens. The focused beam 
now encountered a detector—a disk of 
plastic material which scintillates when 
charged particles pass through. The 
main purpose of the detector was to 
serve as a *'stop watch'* for timing the 
passage of particles so as to measure 
their velocity: precisely 40 feet farther 
on they hit a second scintillating detec¬ 
tor, and the velocity was reckoned from 
the time taken to travel the distance be¬ 
tween the hvo “stop watches/' The flash¬ 
es of light from each scintillator were 
translated by photosensitive tubes into 
pulses of electric current, and these 
pulses were recorded as pips on a 
cathode ray screen. This timing system 
could measure differences of one bil¬ 
lionth of a second in the travel time of 
particles over the 40-foot interval. In 
our experiment the antiprotons cross the 
40-foot distance in 51 billionths of a 
second, whereas the mesons take only 
40 billionths of a second. 

However, we found that wc needed 
an independent measurement of the par¬ 
ticles* velocities as a check against acci¬ 
dental coincidences. So many mesons 
were streaming through our “speed trap” 
that sometimes one meson triggered the 
first stop watch and another triggered 
the second after an interval that corre¬ 
sponded to the travel time of an anti- 
proton. We therefore placed a velocit)'- 
selecting counter just beyond the second 


scintillator. This imique selector makes 
use of the Cerenkov effect, discovered 
many years ago by the Russian physicist 
Pavel Cerenkov. He found that when a 
charged particle passes through a me¬ 
dium such as glass or quartz with a 
velocity greater than the velocity of light 
in that medium, it emits light—an effect 
analogous to the shock waves produced 
in air by a jet aircraft exceeding the 
speed of sound. Now the angle at which 
the Cerenkov light radiation is emitted, 
with respect to the path of the particle, 
depends upon the velocity of the par¬ 
ticle. An analogy is the wake of a boat; 
the faster the boat travels, the narrower 
is the angle of its wake. Taking advan¬ 
tage of this fact, we put a piece of qutrtz 
in the path of the beam and arranged a 
system of mirrors and light shields so 
that Cerenkov radiation was recorded 
only from particles traveling at 75 to 78 
per cent of the velocity of light—the 
speed of the antiproton. Wc took two 
other precautions against spurious iden¬ 
tification. To make sure of weeding out 
mesons and other unwanted particles we 
placed in front of the velocity selector a 
‘'guard" detector of the Cerenkov type 
which gave a warning signal of the ar¬ 
rival of any particle exceeding 78 per 
cent of the velocity of light, and to ex¬ 
clude particles that might come from 
outside the system we used a final scin¬ 
tillation counter which recorded only 
particles traveling in the direction of the 
beam. 

Thus a particle would be identified as 
an antiproton only when all the follow¬ 
ing conditions were fulfilled: the “stop 
watch" counters indicated that a particle 
had passed through with the correct 
velocity (crossing the 40 (cct in 51 bil¬ 
lionths of a second); the guard counter 
gave no warning signal; the velocity se¬ 
lector registered a particle with velocity 
between 75 and 78 per cent of the ve¬ 
locity of light; and the final scintillation 
counter showed that the particle had 
coursed through the length of the selec¬ 
tor. When all these things happened, a 
characteristic sweep was trac^ on the 
oscilloscope [see page 371 J. Many more 
tests were made to confirm that this type 
of sweep really meant that an nntiproton 
had passed through the system, 

Yl^hen the discovery of the nntiproton 
” was announced last October, 60 of 
them had been recorded, at an average 
rate of about four to each hour of opera¬ 
tion of the Bevatron. They had passed 
all the tests which we had preordained 
before the start of the experiment. We 
were quite gratified by the comment of 
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a highly esteemed colleague who was 
visiting from another university where 
he had just finished an important and 
difficult experiment on mesons. After ex¬ 
amining our tests, he said, *"1 wish that 
my own experiments on mu mesons were 
as convincing as this.** At this time sev¬ 
eral long-standing beb on the existence 
of the andproton started to be paid. The 
largest we know of was for $500. (We 
were not personally involved.) 

It was still highly desirable to have 
some information on the process of anni¬ 
hilation of the andproton when it en¬ 
countered a proton. The first experiment 
along this line was performed by a group 
consisting of J, Brabant, B. Cork, N. 
Horowitz, B. Moyer, J. Murray, R. Wal¬ 
lace and W. Wenzel. They arranged to 
trap an andproton from our apparatus 
in a piece of glass. On being stopped, 
the andproton, and the proton which 
presumably was annihilated with it, 
emitted charged particles which moved 
fast enough to release considerable light 
by Cerenkov radiation. A study of this 
light confinned that the particle selected 
as an antiproton was definitely not a 
meson. 

While all this was going on, another 
experiment for detecHon of the antipro¬ 
ton was started by the authors, Cham¬ 
berlain, W, Chupp and G. Coldhaber, 
in collaboration Nvith a team of physi¬ 
cists in Italy: E. Amaldi (a fonner 
fellow student with Segrd of the late 
Enrico Fermi), G. Baroni, C. Castagnoli, 
C. Franzinetti and A. Manfredini. It was 
decided to try to find the tracks of and- 
protons in photographic emubions. If we 
could detect them there, we could get 
direct information about the antipro¬ 
ton's destruction. 

We exposed photographic plates in a 
beam which should yield antiprotons 
and then sent some of the plates to Rome 
and examined some ourselves in Berke¬ 
ley. In spite of strenuous efforts by 
both groups, only one star that might 
represent a proton-antiproton annihi¬ 
lation was found—by the scanners in 
Rome. Later experiments by our group 
(Including D. Keller and H. Steiner) 
indicated that absorbers svhich we had 
used to slow down the antiprotons be¬ 
fore they entered the photographic 
plates had unexpectedly destroyed many 
of the antiprotons. The absorbers were 
then removed and new plates were 
exposed, with the result that tracks of 
about 20 antiprotons have now been 
detected in emulsions by observers in 
Berkeley. 

A star of annihilation is pictured at 
the top of the opposite page. The track 


of the incoming antiproton has the range 
predicted for it. The particle lost its 
kinetic energy by collisions and ioniza¬ 
tion and came to rest in the emubion. It 
was (hen captured by a nucleus in the 
emubion and promptly annihilated itself 
with another nucleon. Many of the 
charged fragments into which it broke 
down can be identified by their tracks; 
others cannot be named with certaint)*; 
still others were neutral particles which 
made no tracks in the plate. At all events, 
we know for certain that the total energy 
released in the annihilation was greater 
than the mass equivalent of the anti- 
proton—proof that another nucleon was 
annihilated along with it. 

As usual with all discoveries, the ad¬ 
vent of the antiproton has launched a 
host of new questions, on which work is 
progressing. For the time being onK* 
Berkeley has an accelerator powerful 
enough to produce antiprotons. The next 
to enter the picture, according to reports 
at the Geneva conference of last sum¬ 
mer, should be a U.S.S.R. machine, now 
in an advanced stage of construction. 

An interesting subject for contempla- 
i\ tion is the possible existence of an 
^inti-world." This would be a world in 
which all particles are opposite in charge 
to our own: the hydrogen atom, for in¬ 
stance, would have an antiproton as its 
nucleus and a positron in place of the 
electron. We know of no method by 
which we could recognize the exbtence 
of such a universe by astronomical ob¬ 
servation. But if antimatter exists and if 
it should come into contact somewhere 
with ordinary matter as we know it, the 
two forms of matter would annihilate 
each other with a huge release of energ) . 
mostly as mesons. Whether wc wouUl 
see this event would depend on the den¬ 
sity of the matter colliding. If it were 
spread out as thinly as the average densi¬ 
ty of matter in the galaxies, the effect 
might not be very conspicuous. It is also 
possible that a collision even between 
concentrated masses of matter and anti¬ 
matter would not be very spectacular as¬ 
tronomically, for they probably would 
repel each other, by radiation pressure, 
as soon as they came into contact. 

If the universe originated from the 
transformation of pure energy into nu¬ 
cleons and electrons, we must suppose, 
in order to preserve the principle of the 
constancy of the number of these parti¬ 
cles, that somewhere there are antinu¬ 
cleons and anticlectrons equal in number 
to those of our world. It is a speculation 
which gives a highly satisfying sym¬ 
metry' to creation. 
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LIFE CYCLE oi an anliprolou is schrmal- 
ically depicted. A hixh<ncrgy proton ihhek 
ball with plan sign at the top) collides with 
another prolon in the target nucleus. Thin 
fivet ride to a new proton {black ball with 
plus sign at riglu center) and an antiproton 
{black hall with minus sign). The new pro¬ 
lon travels until it ronic» to rcM as the 
nucleus oi a hydrogen atom trighi>. The 
aniiprolon continued until it el^counter^ an¬ 
other nucleus (hotloniK The antiproton 
and a prolon or a neutron are then both 
annihilaied in a shower of various particles. 
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THE EFFECTS OF RADIATION ON SOLIDS 


by Frederick Seitz and Eugene P. Wigner 


The orderly atomic arrangement characteristic of metals and other 
crystals determines many of their properties. Energetic radiation 
disturbs the order and thus can drastically alter the properties. 


I n the anxious days when atomic 
scientists were building the first 
chain-reacting pile in the “Metal¬ 
lurgical Laboratory" at the University of 
Chicago, no problem was more worri¬ 
some than the question concerning how 
the pile would be affected by its own 
radiation after it became active. On 
most of the other problems—the critical 
requirements for the chain reaction, con¬ 
trols, shielding, cooling-the physicists 
felt fairly confident of their calculations. 
But the radiation question was full of 
uncertainties. It was known that expo¬ 
sure even to weak natural radioactivity 
could change the structure and proper¬ 
ties of materiab. What would happen to 
the uranium rods iit the reactor under 
the disruptive forces of intense neutron 
radiation, nuclear fissions and so on? 
More serious still, what would happen 
to the graphite moderator? Graphite was 
a part of the actual structxue of the pile; 
unlike the uranium, it was not to be re¬ 
moved or replaced from time to time; 
and it was known to be subject to dam¬ 
age by radiation. 

The group concerned with the future 
health of the new atomic “child" was so 
uncertain and pessimistic about the re¬ 
actor s ability to survive radiation and 
other “diseases" that it reported: “It 
would be unscientific to claim a useful 
life longer than about 100 days.'* More 
than 50 times that period has now 
passed and nearly all the original re¬ 
actors are still alive and operating. What 
we did not realize at the time was that 
graphite, as well as metal, has some 
ability to recover from radiation damage 
—to heal its wounds, so to speak. Never¬ 
theless, the effect of radiation on solids 
remains an important and absorbing 
study. It is still a major practical problem 
in the construction of reactors; besides 
thb, it has become a valuable tool for 
fundamental research into the properties 


of solids. Research on radiation damage 
is now being carried on not only in the 
national laboratories of the Atomic En¬ 
ergy Commission but also at a number 
of universities and industrial laborato¬ 
ries. The AEC recently announced eight 
such research contracts totaling well 
over $250,000 a year. The program of 
study of radiation effects on solids has 
steadily grown both in magnitude and 
in scope. 

I et us try to describe some of the facts 
^ we have learned about radiation 
damage. Metals and nonmctals react dif¬ 
ferently; we shall consider first the ef¬ 
fects on a nonmetal-the graphite (crys- 
talline carbon) commonly used as the 
moderator in a reactor. The neutrons re¬ 
leased by uranium fission in a reactor 
have a kinetic energy of about one mil¬ 
lion electron volts. When a fast neutron 
strikes the nucleus of a carbon atom in 
the moderator, it transfers a substantial 
fraction of its kinetic energy to the atom, 
and the latter recoils from the impact. 
Since the carbon atom's recoil energy is 
much greater than the binding energy 
holding it in the crystal lattice (which is 
less than 10 electron volts), the atom 
is tlirown out of its normal position. This 
results in two defects in the lattice: the 
dislodged atom occupies an interstitial 
space in the lattice {like a marcher out of 
his row in a parade), and it leaves be¬ 
hind a vacant site in the regular order. 

The foregoing describes the direct ef¬ 
fect of collisions betiveen fast neutrons 
and atoms in the lattice. These collisions 
in themselves account for only a small 
part of the damage actually produced. 
A fast neutron dislodges about 60 carbon 
otoms, at most, before it is slowed to a 
harmless speed. It is the recoiling carbon 
atoms that produce most of the damage 
in the lattice. They have bulk as well as 
speed. The first carbon atom hit by a 


million-volt neutron, for example, recoils 
with an cnerg)' of about 150,000 elec¬ 
tron volts. In effect it acts like a strong 
and husky man who decides to get out 
of a very crowded subway rather sud¬ 
denly. It throws the other atoms to right 
and left until it reaches the end of its 
range, that is, until its energy is ex¬ 
hausted. 

Now it develops that in the atomic 
world this series of events takes a turn 
which is the opposite of what one might 
expect if he thinks in terms of mechani¬ 
cal collisions. The charging atom creates 
more havoc near the end of its nish than 
it docs at the beginning. The reason is 
that we are dealing here witli inter¬ 
atomic forces rather than what wc usual¬ 
ly think of as physical contact. As the 
fast-moving atom begins its dash 
through the crowd of surrounding atoms, 
its encounter with each one is too fiect- 
ing to permit much transfer of its mo¬ 
mentum. It therefore dislodges only an 
occasional atom from its lattice position. 
But as the traveling atom .slows down, 
the interatomic forces have more time to 
act, and it displaces more and more 
atoms. Finally, when it drops to a cer¬ 
tain low velocity, it transfers its remain¬ 
ing energy to a local cluster of atoms. As 
a result the tiny local region suddenly 
heats up, sometimes to a temperature as 
high as 10,000 degrees centigrade. This 
phenomenon, called a "thennal spike” 
or “displacement spike," lasts only about 
one hundredth of a billiontli of a second, 
but it may damage or deform the crystal. 

Its effects are fairly complicated and 
not yet well understood. It appeals that 
the minute “spike" region melts. Evi¬ 
dence of this melting has been found in 
radiation experiments on a carefully pre¬ 
pared alloy of copper and zinc. The 
atoms were arranged in a regular lattice 
in which each copper atom was sur¬ 
rounded by eight zinc atoms and vice 
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versa. Bombardment of this crystal with 
neutrons was done at very low tempera* 
hires, near the temperature of liquid 
helium, in order to “freeze in“ any 
changes in the crystal. Analyses after¬ 
ward showed that the atoms had become 
mixed in a disordered way, and diut 
most of the disordering must have taken 
place in regions of thermal spikes. 

Besides melting, the heated regions 
expand. Such swelling causes deforma¬ 
tions of the crystal, some of which pre¬ 
sumably remain after the hot regions 
cool, so that the material around them is 
permanently distorted. 

In a crystal damaged by radiation it 
is very difficult to distinguish how much 
of the damage is due to these spikes and 
how much to simple displacement of 
atoms. We can assume that spikes are a 
more important source of damage in 
metals than in graphite, because in the 
heavier elements recoiling atoms pro¬ 
duce spikes at a higher energy level and 
therefore have a larger fraction of their 
energy left for producing them. In the 
case of graphite, the moving carbon 
atoms have used up most of their energ)' 
dislodging atoms before they drop to the 
low velocity at which they generate 
spikes. We can estimate that the most 
damaging part of the flight of recoil 
atoms in graphite is in the vclocit)' range 
from 100,000 down to 10,000 electron 
volts. 

It has become clear that radiation can 
produce a great variety of defects in the 
lattice, resulting in varying damage to 
the material. 

In this account of the process that pro¬ 
duces radiation damage in solids we 
have given most attention to graphite, 
but much of what wo have said applies 
to the metal fuel in a reactor as well. The 
agent of damage is essentially the same: 
namely, flying particles. The principal 
difference is that in uranium the 
tant bombarding particles are not neu¬ 
trons but fission products. The heavy 
fission fragments hit atoms in the cr)'stal 
lattice far harder than neutrons, and the 
atoms receive, on tiie average, about 


LATTICE DEFECTS are produced when a 
neutron strikei a graphite cryi>tal. The hex- 
afonal cry»to] slruclure is represented diu- 
grammutieikUy in two dimeiiBions. At top the 
neutron [colored dot) has struck and dis* 
lodged a single atom. The next two dra>« ing» 
show how the process buildn up, with both 
neutron and recoiling atoms acting to diy 
lodge further atoms {neutron poih is in 
color; atom paths are in block). At bottom 
is the final result: a lattice with a num¬ 
ber of vacant sites and ^inirrstUiaP atoms. 
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1,000 times more energy. The damage is 
therefore much greater In addition, 
the fission conversion of part of the ura¬ 
nium into other elements also weakens 
the metal. Fortunately metals are tough 
and can stand a lot. particularly if they 
do not have to stand it too long! 

¥ et us consider now the recuperating 
' powers of materials damaged by 
radiation. Usually dislodged atoms at¬ 
tempt to return to something resembling 
their original positions in the lattice and 
to restore their original properties. We 
can investigate the recovery process best 
at low temperatures. If the damaged ma¬ 
terial is held at a temperature where the 
atoms can move around a bit, the inter¬ 
stitial atoms and vacancies will begin to 
recombine and the lattice distortion will 
heal. The crystals properties then tend 
to return to normal. This is well illus¬ 
trated by a study of the recovery of 
copper after it was irradiated near the 
temperature of liquid helium. The prop- 
ertv measured was its conduction of elec- 
tricity. Copper, which is a nearly ideal 
metal, recovers very rapidly if it is ir¬ 
radiated near room temperature; to 
“freeze in" all the damage and prevent 
recovery during irradiation it must be 
kept not far above absolute zero. Now 
Nvlicn the temperature of the irradiated 
specimen is raised to about 3S degrees 
Kelvin, its electrical conductivity in¬ 
creases sharply. It is not yet known 
whether this abrupt and irreversible 
change, common to copper and manv 
other metals, is a result of the reunion 
of vacancies and interstitial atoms which 
are very close to one another or whether 
it IS due to healing of some of the distor¬ 
tion produced by thermal spikes. This is 
one of the critical (|uo$tions being in¬ 
vestigated at several laboratories. 

It is interesting to note that each in¬ 
crease in temperature permits a little 
more of tlie damage to heal. This shows 
that there is a spectnim of dilferent types 
of defects, some of which arc more re¬ 
sistant to correction than others. We 
know that small traces of impurity atoms 
can have a significant influence on tlie 
rate of recoverN'. Some of the defects 
produced are so stable that one must 
heat the metals to temperatures nearly 
liaUway to the melting point in order to 
remove them. 

On the whole, pure metals arc the 
most resistant of all materials to radia¬ 
tion damage and recover most easily, 
presumably because the atoms in metals 
are most mobile. But reactions like those 
in metals have been found in valence 
compoiiiuls .such as diamond, silicon 
and germanium, and in simple salts and 
oxides such as sodium chloride and be¬ 
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URANIUM LATTICE^ also shown in two dimension^ suffers the &ame kind of damage as 
ihe earbon latilce« with an added complication. Sometimes the neutron is absorbed by the 
uranium nucleus, causing fission. The fission products may do more damage than nentrons. 


ryllium o.xide. On the other hand, or¬ 
ganic materials, particularly polymers 
such as plastics, arc exceedingly sensi¬ 
tive to radiation and suffer permanent 
and irreparable changes, In these cases 
the damage is associated with the break¬ 
ing of chemical bonds which arc difh 


ctilt to rejoin in the original way. Most 
polymers lose their ductility when given 
even moderate exposures. In brief, they 
behave in a way almost opposite to that 
of the metals. 

From the practical standpoint, 
what arc the types of damage—and the 
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DEl'TERON BOMB.ARDMENT of copper (6roA*en ruree), silver ($oUd curve) and gold 
{dotted curved increases the electrical rcsislance of these metals. The horizontal scale gives 
the tuimbcr of particles per second in each 10'*^ square centimeters of cross section of the 
beam. The vortical scale shows the increase in resistance, measured in ten millionths of an 
ohm, of a one-centimcicr cube. Mea>uremcnls were made at 10 degrees above absolute zero* 
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CHANCE IN PROPERTIES of uranlum-alominum alloy* cou*ed by of some of tbo 

uriniun) atom* wi* meaiured by D. S# BUlinfton of Oak Ridfe Nolional Laboratory. The 
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possible benefits—produced by radia¬ 
tion? As we have seen, the microscopic 
result of irradiation is the formation of 
lattice defects. How do these defects 
alter the properties of the material? 
There are four important kinds of pre¬ 
dictable changes. 

First, we know that properties such 
as conduction of electricity and heat de¬ 
pend on a regular and undistorted lat¬ 
tice. We are not surprised to find, then, 
that the conductivity of materials for 
both electricity and heat falls sharply 
with increasing irradiation [see charts 
at the left]. Losses of conductivity up 
to 80-fold have been measured. Fortu¬ 
nately reacton do not rely too heavily 
on the heat conductivity of the modera¬ 
tor, and that of metals is less severely 
affected by radiation. Hence the de¬ 
creases in conductivity do not cause real 
concern from the point of view of re¬ 
actor operation. We must quickly add. 
however, that these changes do affect 
the instruments stuck into the reactor 
and must be taken into account in prob¬ 
lems concerned with instrumentation. 

The second type of radiation damage 
is represented by a loss of ductility. The 
lattice defects have the effect of block¬ 
ing the glide planes of the crystals. Thus 
the materials behave as if work-hard¬ 
ened, and in fact may become brittle. 
This damage affects the handling of 
uranium fuel elements and is a major 
cause for concern. The changes in duc¬ 
tility can be spectacular. The effect was 
demonstrated in a U. S. atomic energv' 
display at Geneva. Every few seconds 
a light bail was thrown alternately at 
two copper cylinders, which looked 
identical but differed in the fact that one 
had been exposed to the neutrons of 
the Oak Ridge reactor. The normal cyl¬ 
inder, when hit by the light ball, gave no 
sound. But the irradiated one sang like 
a tuning fork. We understand that no 
amount of normal cold-working could 
endow copper with as much rigidity as 
this irradiated specimen possessed. 

These first two types of effects—on 
conductivity and ductilit)'-are the most 
striking but not necessarily the most 
harmful changes caused by irradiation. 
From the point of view of reactor opera¬ 
tion there are rivo others which have 
caused more anxiety. 

One is a swelling of the material. The 
diNpl.icemeiit of atoms to irregular posi¬ 
tions in the lattice expands the crvstals. 
Hence the volume of a block of materia! 
increases as the dosage of radiation in¬ 
creases. When the Materials Testing 
Reactor of the AEC in Idaho went into 
operation with its new bervUium oxide 
moderutor, llie modcr.itor expanded 
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about 1 per cent the first day. Fortunate¬ 
ly this expansion did not proceed linearly 

with time: after 10 davs it was much less 

• 

than 10 per cent. Nevertheless, it can be 
very disconcerting to have to use as 
structural elements materials which 
change their dimensions after they are 
installed. 

The other disquieting effect of radia¬ 
tion is an unstable energ)^ situation. The 
interstitial atoms represent a considera¬ 
ble amount of stored energy. When they 
move back into vacancies in the lattice, 
they release this energy. The amount of 
sword-of-Damoclcs energy stored in this 
way can reach values up to hundreds of 
calories per mole (one gram multiplied 
by the molecular weight of the mate¬ 
rial). Obviously a sudden release of it 
could lead to unpleasant complications. 


On the other hand, this property also has 
constructive possibilities: some have 
suggested using irradiated graphite as a 
kind of storage battery. 

We call the various effects mentioned 
'‘damage*’ because they change critical 
properties of materials that have been 
placed in reactors to perform definite 
functions based in part on these proper¬ 
ties, The changes in properties are re¬ 
garded as harmful not because they 
would not be useful under certain cir¬ 
cumstances, but because they impair 
the behavior for which the material was 
selected. To minimize the effects of these 
changes in a reactor, it has been sug¬ 
gested that materials might be deliber¬ 
ately irradiated before they go into the 
reactor. This stratagem might yield ma¬ 
terials with desired properties and sta¬ 


bility against further irradiation. 

Indeed, we can expect that irradiated 
materials will be put to more and more 
uses as understanding of their properties 
and potentialities grows. Graphite stor¬ 
age batteries and the superhardening of 
copper are only a beginning of the list of 
possibilities. We have scarcely scratched 
the surface of knowledge of the radia¬ 
tion-induced properties of materials. 

O peaking as individuals who have been 
^ interested in radiation effects on 
solids since the conception of the first 
large reactors, we find it gratifying that 
a phenomenon which originated as a 
pure nuisance promises to provide us 
with useful information about the solid 
state in general and about many of the 
materials we use every day. 
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THE STELLARATOR 


by Lyman Spitzer, Jr. 


Described at the Geneva conference in September 1958, this 
experimental device for fusion power research employs a twisted 
magnetic field to obtain an ionized gas and electric fields to heat it. 


At the first International Conference 
l\ on the Peaceful Uses of Atomic 
^ Energ)' in Geneva three years ago, 
representatives of 72 nations gathered 
to compare their e0orts to extract eco* 
nomical power from the energy liberated 
by nuclear fission. As the Conference 
opened, however, fission reactions mo* 
mentarily lost the center of the stage to 
an even more exciting prospect. The 
president of the Conference, Homi J. 
fihabha, predicted that within 20 years 
man would be deriving useful power 
from the thermonuclear reactions. He 
revealed that Indian workers were al¬ 
ready engaged in active development of 
this possibility. Since these reactions, in¬ 
volving the fusion of nuclei of the heavy 
isotopes of hydrogen, may look to the 
oceans as a source of fuel, such a tech¬ 
nological breakthrough would guaran¬ 
tee mankind a practically inexhaustible 
supply of energy. 

Last month, at the second Geneva 
conference on atomic power, the fusion 
reactions were at the center of the stage 
to stay. The knotty and often profound 
questions encountered in the research 
engaged a substantial portion of the for¬ 
mat and informal discussions. The elabo¬ 
rate experimental gear exhibited by the 
United Kingdom, the U. S. and the 
U.S.S.R. testified to the huge scale of 
the programs the major nuclear powers 
have been conducting, until recently in 
secret. Amid the hopeful accounts of 
progress, no one could yet claim conclu¬ 
sive evidence for the attainment of a con¬ 


trolled thermonuclear reaction. On the 
other hand, no one reported the discov¬ 
ery of any insurmountable obstacle. 

Among the several approaches of the 
U. S. program publicly disclosed in de¬ 
tail for the first time at Geneva is the 
'"stellarator,'’ the subject of this article. 
It is the work of Project Matterhorn at 
Princeton University and embodies some 
of the things we have learned from theo¬ 
retical and experimental investigations 
conducted since 1951. 

For us, as for others in the field, the 
work is defined by the dual objective of 
igniting and containing a thermonuclear 
reaction. When two nuclei of heavy hy¬ 
drogen collide at high energies, they in¬ 
teract, forming a new nucleus and lib¬ 
erating either a proton or a neutron of 
high energy. To obtain a useful power 
yield from this reaction, a gas of deu¬ 
terium (hydrogen of mass 2) or of 
mixed deuterium and tritium (hydrogen 
of mass 3) must be brought to an enor¬ 
mously high temperature—about 100 
million degrees absolute (degrees centi¬ 
grade above absolute zero). The prob¬ 
lem then is to contain or confine the gas 
within a limited region away from con¬ 
tact with any solid material. If the ultra- 
hot hydrogen strikes anything which is 
solid and, of necessity, relatively cool, 
the temperature of the gas will drop 
sharply, and the solid material will tend 
to evaporate. 

Magnetic forces seem to offer the only 
way to contain a thermonuclear reaction. 
One effort in the search for a '"magnetic 


bottle" has been devoted to the so-called 
"pinch effect." Here the flow of a heavy 
electrical current through the hot gas 
generates a strong magnetic field which 
at once contains the gas and brings it 
up to high temperature by compressing, 
that is, pinching, it [see "Fusion Power," 
by Richard F. Post; Scientific Ameri¬ 
can Offprint 236], The Matterhorn 
project is trying a somewhat different 
tack. In the stellarutor we are undertak¬ 
ing to contain the gas in a magnetic field 
produced independently of the electric 
current that heats the gas up through the 
first million degrees. We hope to reach 
ultrahigh temperatures via an effect 
called "magnetic pumping," induced by 
a second externally generated, rapidly 
pulsating magnetic field. Whether the 
stellarator will achieve a controlled ther¬ 
monuclear reaction wc do not yet know, 
At each step in its development we have 
had to solve unexpected problems, and 
each time have learned something new 
about the weird and wonderful proper* 
tics of a hot gas in a magnetic field. 
Many more such problems await us. 


*^he stellarator produces its containing 
^ magnetic field by the perfectly 
straightforward method of passing a 
strong electric current through a sole- 
noidal coil [see c/wgrum at (op left on 
page 384]. In the familiar example of a 
straight, cylindrical coil, such as that 
employed in simple relays, the magnetic 
field parallels the coil axis and has the 


same strength^very'where both along its 
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PATHS OF CHARGED PARTICLES in magnetic Held* are 
^hown schematically. Small dais represent cross sections of lines 
of force. In a weak^ uniform field (fe/l) a positive particle such 
as a deuteron Jon {top) describes a circle in one direction; a nega* 
live particle such os on electron {bottom), a circle in the op« 


posite direction. (Diameter of dculeron's path is actually 60 times 
as large as electron's.) In strong field (second from le/M the 
circles are smaller. In an imaginary field changing abruptly from 
weak to strong (righr), paths are spirals in oppoi^iie directions 
made up of semicircles from the large and small circular paih«. 


length and through its cross section. The 
'lines of magnetic force/' the imaginary 
lines following the direction of the field, 
arc straight well inside the coil. If wc 
place a hot deuterium gas in a tube in* 
side such a field, it will respond to the 
magnetic force because its atoms arc 
ionized, f.c., stripped of their electrons. 
The electrically charged particles (posi¬ 
tively charged nuclei and free elec¬ 
trons) moving across the magnetic 
field experience a deflecting force, and 
proceed to gyrate in circles about the 
lines of magnetic force. Since the mo¬ 
tion of the particles along the lines of 
force is unaffected by the field, the 
path of each particle is a helix. Thus 
contained in the magnetic field, the gas 
will not touch the walls of the tube. We 
have here, in fact, an ideal bottle for a 
fusion reactor, were it not for the ends 
of the coil, where the lines of force must 
emerge and where the gas in conse- 
rjuencc must come in contact with solid 
matter. 

The simplest way to get rid of the 


ends of a long coil is to bend the coil in 
a circle, joining the two ends together 
to form n closed but endless tube. In 
such a toroidal, or doughnut-shaped, 
coil [see Jiagram at bottom left on /o/- 
lowing page] lines of force become cir¬ 
cles. Unfortunately this circular coil has 
a fatal defect which keeps it from (juali- 
fying as a satisfactory magnetic bottle. 
As a result of curvature, the strength of 
the magnetic field is greater near the in¬ 
side wait of the tube than it is near the 
outside. This inhomogeneity of the field 
alters the helical path of the charged 
particles. Near the inside wall the rela¬ 
tively stronger field curves the path of 
a particle more sharply than near the 
outside. The result is that the charged 
particles drift across the field, the posi¬ 
tively charged nuclei collecting at the 
top of the tube and the electrons at the 
bottom [see diagram at bottom right on 
page 384], 

This drift is bad enough by itself, but 
its indirect effect is catastrophic. The re¬ 
sultant separation of electric charges 


produces a large electric field, which 
disrupts the particle paths completely, 
throwing the entire gas into the wall. 
If the electric charges could only leak 
back across the lines of force, this dis¬ 
aster could he averted, hut in a fullv 
ioni/ed gas this is not possible. It is a 
remarkable fact that a .steady electric 
field imposed across a magnetic field 
produces no current at all in a fullv 
ionized gas, but drives the gas particles 
in a direction at right avigles to both the 
electric and magnetic fields. A steady 
electric field imposed along the mag¬ 
netic field will easily product* an electric 
current parallel to the lines of force. But 
this does not help matters in the case of 
the simple torus, since the lines of force 
do not connect the regions of opposite 
electric charge. 

ri happens that there is a simple vein- 
* edy for this catastrophic drift of 
charged particles across the toroidal 
magnetic field. By one means or another 
we can twist the magnetic field around 
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MAGNETIC CONTAINMENT of charged particles can be aceem* 
plished with a uniform field like that inside a long* straight tube 
wound with a helical coil carrying electric current (top left). 
Particles will travel through the tube in hclicol poths made up 
of circular motions around lines of force (top right) and motion 


along the lines. If the ends ore closed by bending the tube into a 
doughnut (bottom Ie/0> the field is no longer uniform> being strong* 
er on the inner pari of the doughnut (bottom righf). The result 
is that positive and negative particles $eparato> spiraling to top 
and bottom as in the right-hand diagrams on the preceding page. 


its circular axis (called the ‘"magnetic 
axis”), giving the lines of force a heli¬ 
cal form like the strands of a rope. In 
this configuration a single line of mag¬ 
netic force, if followed indefinitely on 
successive turns around the toriKs and 
successive twists around the magnetic 
axis, will trace out an entire surface, 
called a “magnetic surface.'* Lines of 
force near the magnetic axis will pro¬ 
duce magnetic surfaces which are nested 
inside the surfaces produced by the lines 
of force farther out. This family of nested 
magnetic surfaces constitutes the mag¬ 
netic bottle j)ioposed for confining an 
iiltrahot gas in a stcllarator. 

In this twisted toioicia) field the elTect 
of particle drift is much reduced. Most 
particles are moving rapidly along lines 
of force, and so are rotating about the 
magnetic axis as they follow tlic twist 
in the lines. W’hen the upward-drifting 
particles are above the magnetic axis, 
they of couise tend to move farther from 
the axis; when they arc below, however, 
the same upward drift compensates for 


this by moving them back toward the 
axis. As a result their average distance 
from the magnetic axis does not change. 
Oppositely charged particles still show 
some tendency to drift apart, with an 
accompanying separation of charges. But 
now the charges can leak back along 
the lines of force, since a single line, if 
followed for a distance, leads from the 
top of the tube to the bottom. Any dif¬ 
ferences in electric charge along a line 

of force are thus eliminated, and a steady 

0 

confinement of the ionized gas now be¬ 
comes possible. 

The neccssaiy twist can be imposed 
on the toroidal field in a number of wavs. 
Passing an electric current along the 
lines of magnetic force in a torus will 
do it, but such a current cannot be main¬ 
tained in a steady state, aiid would re- 
<luiro pulsing every few seconds. Since 
it is desirable to operate a fusion reactor 
continuoiisl)', without pulsing, some 
other method of twisting the lines of 
force is preferable. It turns out that 
merely bending the simple torus into a 


figure eight will produce an appreciable 
twist in the lines of force; most of the 
experimental work at Project Matter¬ 
horn has been carried out with figurc- 
cight-shaped magnetic fields. We are 
now developing a more promising meth¬ 
od in which the toroidal field is hvisted 
bv interaction with an additional trans- 
verse magnetic field. This transverse 
field is generated by a set of helical 
windings in which the current flows in 
opposite directions in adjacent groups 
of wires. In the twisting of the field 
thereby induced, the angle of twist in¬ 
creases as the S(]uare of the distance 
from the magnetic axis; this difference 
in twist angle between the outer and 
inner magnetic surfaces helps to stabi¬ 
lize the gas. 

A t this point we may consider the mag- 
^ nelic bottle of the stellarator more 
or loss ready to contain the hot gas, and 
we may turn to the (juestion of heating 
the gas to high temperatures. The slel- 
larator accomplisshes the preliminary' 
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phase of heating simply enough by in¬ 
ducing a strong electrical current in (he 
gas. With an iron transformer core 
threading the toroidal tube and a prima- 
ry winding wrapped around the iron, we 
have a convenrional transformer, the 
gas providing the secondary circuit. 
When a voltage is applied to the primary 
winding, an electric current flows 
through the gas along the magnetic sur¬ 
faces. The power dissipated by the re¬ 
sistance of the gas goes into ionizing and 
heating the gas, as well as into produc¬ 
ing some ultraviolet and visible radia¬ 
tion. This is called **ohmic heating,^ be¬ 
cause it is the ohmic resistance of the 
gas that generates the heat on passage 
of the current. Unlike the pinch-effect 
current, the ohmic heating current pro¬ 
duces no contraction or compression of 
the ionized gas; the strong magnetic 
field of the stellarator holds the gas firm¬ 
ly in place and constant in volume. 

Experience with some half-dozen 


small ‘'Model B” stellarators, with tubes 
of two to four inches in diameter and 
10 to 20 feet in axial length, has estab¬ 
lished extensive data on ohmic heating. 
These devices utilized magnetic confin¬ 
ing fields of 20,000 to 40,000 gauss. 
Since the power required at the peak 
of the field is in the neighborhood of 
50,000 kilowatts, the power bill has re¬ 
stricted operations to pulses lasting 
about .02 second. Within these intervals 
we have been able to develop ohmic 
heating discharges of a few thousandths 
of a second duration. Temperatures of 
100,000 to a million degrees observed in 
these experiments sustain the expecta¬ 
tion that ohmic heating is an effective 
way to ionize the gas in a stellarator and 
heat it to high temperatures. 

Tn the early days of the program we 
^ hoped that the gas would remain 
steady and motionless during ohmic 
heating, and that the heating would thus 


proceed smoothly to its conclusion. Ex¬ 
periments have shown us that this hope 
was about as well founded as the hope 
that water flowing rapidly through a 
large pipe would flow smoothly in 
straight lines. In truth, of course, water 
under these conditions becomes turbu¬ 
lent, with eddies moving back and forth 
across the stream. In the same way the 
ionized gas develops violent activity 
during the ohmic heating process. Elec¬ 
tric and magnetic forces introduce com¬ 
plications which make the activity quite 
different from ordinary turbulence. Be¬ 
cause of the long-range electrical forces 
between electrons and the bare nuclei, 
particles considerable distances from 
each other can cooperate in large-scale 
activity. This “cooperative activity” in a 
heated gas produces many effects. Not 
all are disruptive; for example, the pro¬ 
duction of radio-noise bursts simiUr to 
those observed from the sun does not ap¬ 
pear to affect the performance of a ther- 
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TVISTED magnetic field cOQoteracts tendency of charge* 
to separate. Top diagram ihowi a part of one line of force, which. 
If drawn for lU whole length, generalci a rin|-«haped turface. Each 


line ii above axis in some sections of tube (bouom ieft) and be^ 
low ii in others (right). Thus both plus and minus chargfK move 
away from renter line at some points and toward it at others. 
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DIVERTOR helps preveni gai particles from striking walls of lube. Magnetic lines near 
the walls are bent out into side chamber surrounding lube at one point. Particles traveling 
along these lines are swept into the chamber and pumped out of the system. This diagram 
15 a cross section of the divertor; the black blocks arc coils that bend the lines« 


monuclear reactor. Other e0ects may 
have very serious consequences. Some 
types of cooperative activity move the 
individual particles across the lines of 
force, impairing confinement by the mag« 
netic field and dashing some of the hot 
gas into the wall. In activity of the so* 
called “hydromagnetic” (or “magneto* 
hydrodynamic**) type the lines of mag¬ 
netic force themselves become violently 
distorted, also dashing ionized gas into 
the wall. The tendency to such hydro- 
magnetic disturbance should be much 
reduced in stellarators in which the mag¬ 
netic field is hvisted by transverse heli¬ 
cal fields. Theory indicates that the lines 
of force cannot move about so readily 
when the angle of twist increases sharply 
with distance from the magnetic axis. 

“Runaway** electrons seem to be 
responsible for another troublesome 
variety of cooperative activity. One char¬ 
acteristic of an ionized gas is that the 
probability of a collision behveen an 
electron and another particle falls off 
rapidly as the particle velocity increases. 
Thus an electron accelerated to a suffi¬ 
ciently high velocity will engage in prac¬ 
tically no collisions and will continue to 
be accelerated by the field. Such elec¬ 
trons are said to have run away; they can 
no longer be confined and they strike the 
wall, producing intense X-rays. When a 
large number of the electrons runs away, 
the gas develops strong fleeting elec¬ 
trical fields and the current drops more 
or less abruptly. 

Incidentally, observations on runaway 
electrons provide an excellent demon¬ 
stration of the effectiveness of the stellar* 
.itor magnetic bottle. Under some con¬ 
ditions energetic electrons will travel 
around the stellarator long after the 
ohmic heating pulse is over, finally strik¬ 
ing the wall only when the magnetic 
field falls off. During this time they 
travel several thousand miles, going 
around the stellarator tube about a mil¬ 
lion times. 

^I^hc most serious type of cooperative 
^ activity is not really understood at 
all. On occasion, with the gas showing 
no strong evidence of unsteadiness, the 
ions and electrons gradually disappear 
from the discharge, presumably striking 
the wall. This disa[)pcarance of the gas, 
called “puinp-out,' represents a serious 
leak in llic magnetic bottle. WTicn ohmic 
heating terminates, the leak seems to 
stop, us is evidenced by the long per¬ 
sistence of runaway electrons. A pro¬ 
gram of investigation to determine the 
cause of this leak is now under way. 

A leak might not be serious if a par¬ 


ticle striking the wall simply buried it¬ 
self there. At least the gas remaining in 
t)ie bottle would stay hot. Unfortunately 
an ion striking the wall tends to knock 
off atoms of various elements. These find 
their way into the heated gas and cool 
it, partly because they are themselves 
so cool to begin with and partly because 
they radiate energy at such a rapid rate. 
A controlled thermonuclear reactor is 
possible in principle only because hy¬ 


drogen at high temperatures radiates so 
little energ)', and can therefore be kept 
very hot. Atoms of the heavier elements 
do not possess this convenient property, 
and because of their higher nuclear 
charge radiate energy at a much greater 
rate. Thus any appreciable amount of 
oxygen or iron in the discharge makes 
it ver)' difficult, if not impossible, to 
maintain thermonuclear temperatures. 

Two methods give promise of reduc- 
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TRANSFORMER ACTION beaN ^ai in s)«llarator to a tem¬ 
perature of about one million degrees. Current through primar>* 
coil around iron core at right induces a secondary current through 


SCHENOiDAl WINDING 

the gat in the tube. As in an ordinary metallic conductor, the 
resistance to the flosv of current produces heat. As gas gets hol¬ 
ler its resistance drops until further beating becomes impossible. 











MAGNETIC PUMPING will be u^d lo heal gas to temperature 
necessary for fusion reaction. Pumping arrangement, shown in cross 
section, coniisia of an auxiliary coil {black circfes) carrying an 


oscillating current. This current alternately expands and com< 
presses the lines of force set up by the main coil i black blocks*, 
Diagram shows compressed field in color and expanded in black. 
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ing the influx of impurities from the 
wall. The chief impurities observed are 
carbon, oxygen and nitrogen, which are 
adsorbed on the steel walls of the stellar- 
ator tube, and which stream from the 
walls during the discharge as a result of 
wall bombardment. To reduce the 
amount of these gases present, the 
stellarator tubes are now baked at 450 
degrees C. for some 12 hours while the 
vacuum pumps are operating. This has 
reduced the influx of impurities during 
ohmic heating to about a hundredth of 
its value in unbaked tubes. Baking the 
vessel has the auxiliary advantage of re¬ 
ducing the initial vacuum (before the 
discharge gas is introduced) down to 
4 X atmospheres, about a ten- 

thousandth of that obtained with more 
usual techniques. To reduce further the 
impurities produced during operation, 
the next generation of stellarators will 
mostly be equipped with what we call di¬ 
vertors. At the divertor the outer shell of 
magnetic lines of force is bent away from 
the axis of the field [see illusiration 
on pa^e 386]. Any charged particles 
moving along these lines of force, and 
hence tending to diffuse toward the wall, 
are drawn into the separate chamber of 
the divertor before they strike the wall. 
Impurities produced in the divertor are 
scavenged by the vacuum pumps. Use of 
a divertor on an unbaked system has re¬ 
duced the impurity level to about a fifth 
of its previous value. In a larger, baked 
machine use of the divertor may bring 
the impurities down to a negligible value. 

Q uite apart from problems of coopera¬ 
tive activity, experience shows that 
ohmic heating becomes less and less ef¬ 
fective as the gas temperature rises 
above a million degrees. The resistance 
of the ionized gas decreases sharply as 
the temperature rises. Since the power 
dissipated by an electric current de¬ 
pends upon the resistance, the power 
dissipation drops proportionately. Some 
other method must be found for heating 
the gas above a million degrees. 

At Project Matterhorn we propose to 
heat the gas up to ignition temperature 
by "magnetic pumping/* a rapid pulsa¬ 
tion of the containing magnetic field 
along a short section of the stellarator. 
This pulsation is produced by an oscil¬ 
lating current in a special coil surround¬ 
ing the heating section, inside the coils 
which produce the steady magnetic field 
[see iUusiration at Ifottom of the prr- 
reding As the field strength in¬ 

creases during (he pulsation, tlie lines 
of force move closer together, and the 
charged particles, following the lines of 


force, also move together. The gas is 
thereby compressed; with compression, 
it is heated. The details of this process 
are complicated, but the net effect on 
the gas temperature is the same as the 
heating of an ordinary gas by compres¬ 
sion. Hence we may look on the mov¬ 
ing lines of magnetic force as a piston 
which compresses and expands the ion¬ 
ized gas. 

Although the gas is heated by com¬ 
pression, it is also cooled by expansion. 
It is not immediately obvious, therefore, 
why there should be any net heating. In 
fact, in order to achieve heating it is 
necessary to tune the frequency of pul¬ 
sation close to one of the natural periods 
of the gas—the time between collisions, 
or the time it takes a charged particle 
to pass through the heating section, 
or the time it takes a particle to gyrate 
in a circle under the influence of the 
confining field. Thanks to a type of 
resonance, the amount of heat fed into 
the gas during compression Nvill then 
considerably exceed the heat taken out 
during expansion. Detailed theoretical 
studies, still unchecked by experiment, 
indicate that magnetic pumping should 
be capable of heating a gas to ther¬ 
monuclear temperatures. The rate of 
heating by this technique, however, is 
not very rapid, and so far the loss of en- 
ergy by pump-out and the radiation of 
energy by impurities have prevented the 
achievement of ultrahigh temperatures. 

A much larger experimental device, 
the "Model C*' research stellarator now 
uhder construction, should aid greatly 
in the investigation of these problems. 
This device will have a vacuum tube in 
the shape of a racetrack; the tube will 
be some eight inches in diameter and 
40 feet in axial length, and will utilize 
a confining field of 50,000 gauss, twisted 
by means of helical windings. The tube 
diameter is some four times larger than 
in most of the present "B*‘ models, and 
the correspondingly decreased ratio of 
surface to volume should reduce the ef¬ 
fect of pump-out and of the impurities 
streaming into the discharge. Finally, 
powerful magnetic pumping apparatus 
will be available for attempts to obtain 
ultrahigh temperatures. The engineering 
facilities reejuired for this installation arc 
substantial, with a peak direct-current 
power level of 150,000 kilowatts, ob¬ 
tained with motor-generator sets, and a 
radio-fre<piency power level of about 
the same order. 

Tf continuing research docs lead to a 
^ power-producing reactor, what would 
such a device look like? The main an¬ 


swer to this question is that a stellarator 
must be a very large unit to produce 
more power than is consumed in main¬ 
taining the magnetic field needed for 
confinement As a stellarator is in¬ 
creased in size, keeping the magnetic- 
field strength and all other proper¬ 
ties constant, the power required for 
the magnetic field increases only as the 
linear dimension. On the other hand, 
the thermonuclear power produced in¬ 
creases with the volume of the gas, or 
as the cube of the linear dimension. The 
break-even point, at which the power 
put into the magnetic field equals the 
thermonuclear power generated, occurs 
with a rather large machinc^ne with a 
tube diameter of several feet and an 
axial length of several hundred feet. The 
total power produced by such a machine 
is in the million-kilowatt range. 

The first power-producing stellarators 
would be fueled with a mixture of 
deuterium and tritium, since tritium 
fuses with deuterium about a hundred 
times more rapidly than deuterons fuse 
with each other. To take the power out 
the reaction tube would be wrapped 
with a blanket through which water 
would be circulated in pipes. The hy¬ 
drogen in the water would take up the 
energy of the neutrons in elastic colli¬ 
sions, and the water, acting as a coolant, 
would carry the heat out of the stellara¬ 
tor to external turbogenerators. To re¬ 
plenish the supply of tritium the blanket 
would be loaded with lithium; one of 
the isotopes of this element absorbs neu¬ 
trons readily, and the ensuing nuclear 
disintegration yields tritium and an al¬ 
pha particle (nucleus of the helium 
atom). Surrounding the blanket would 
be enormous coils in which electric cur¬ 
rents would produce the steady mag¬ 
netic field that is required to confine the 
ionized gas. 

Once the gas is heated, such a device 
would operate continuously. Fresh sup¬ 
plies of deuterium and tritium would be 
injected in a fast jet, while the reaction 
products (mostly helium) and impuri¬ 
ties would be withdrawn at the diver¬ 
tor, where very lar^e pumps would be 
located. Ohmic heating and magnetic 
pumping equipment would be needed 
only for starting the stellarator after oc¬ 
casional shutdowns. 

A full-scale stellarator would be com¬ 
parable in size and power output to a 
large hydroelectric plant, such as 
Hoover Dam. Whether such an iirstalla- 
tion will ever be economically feasible, 
or even possible, is still uncertain. If it 
works, however, it will provide millions 
of kilowatts with a negligible fuel cost. 
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